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ABSTRACT 
The dependence of the optical and structural properties of amorphous and polycrystalline 
FeSi2 layers fabricated by ion beam sputter deposited (IBSD) FeSi2 and ion beam mixing 
(IBM), have been characterised. 
Amorphous and polycrystalline FeSi2 were fabricated using IBSD of Fe and Si at 
deposition temperatures from room temperature (80 °C) up to 700 °C and post-anneals 
between 300 and 700 T. Optical absorption measurements revealed direct band gaps for 
all layers including the amorphous layers from 0.891 - 0.947 eV. Little effect on the 
optical properties was found for amorphous layers annealed below 500 °C. The band gap 
value and absorption coefficient only significantly increased upon annealing above 500 
°C, coinciding with the transformation from the amorphous to crystalline , B-phase. The 
deposition temperature was seen to affect the crystallinity of the as-deposited thin films, 
and vary the optical and structural properties within the layers significantly. An increase 
in deposition temperature resulted in a decrease of the band gap energies and an increase 
in photo-absorption by an order of magnitude. 
Using ion beam mixing, we have demonstrated formation of semiconducting silicides 
possessing direct band gap energies between 0.89 - 1.43 eV via low energy process 
conditions on multi-layer structures of Fe - Si. RBS was successfully employed to 
determine the level of silicidation formed using the extracted depth profiles. Mixing was 
enhanced upon increasing either the irradiation temperature or the ion fluence. The 
increase in the silicidation was greater when irradiating similar structures at a higher 
fluence than at a higher temperature. Optically, the increased silicidation did not affect 
the band gaps, with values of 0.89 - 1.03 eV upon irradiation of structures with 4- or 
more layers. Comparison of the effective absorption coefficients a} of structures revealed 
that although there is higher silicidation within the higher fluence structures, a larger 
absorption coefficient a was observed for higher temperature mixing. The formation of 
the FeSi2 at higher temperatures allows the amorphous structure to form with more short- 
to mid-range order thus exhibiting stronger and sharper absorption. 
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University of Surrey 
iii 
-ýR RY 
DECLARATION 
This thesis is a presentation of my original research work. Contributions of others are 
indicated clearly, with due reference to the literature, and acknowledgement of 
collaborative research and discussions. 
The TEM provided within this thesis was performed by Prof. M. Milosavljevic on FeSi2 
layers, which were fabricated by Dr. R. Valizadeh of the surface and coatings 
characterisation research group (SCCRG) at Manchester Metropolitan University. Ion 
irradiation was performed by A. Royle and RBS analysis was executed under the 
guidance of Dr. C. Jeynes. The remainder of the work was performed under the 
supervision and guidance of Prof. K. P. Homewood and Dr. M. Lourenco at the 
Advanced Technology Institute within the University of Surrey. 
Lewis Wong 
th 16 January 20 10 
iv 
! SUR Y 
ACKNOWLEDGMENTS 
This work would not have been possible without the guidance, advice, and most of all 
encouragement of my supervisor Prof. Kevin Homewood. I have been privileged to have 
been able to draw from his vast knowledge and experimental experience on a daily basis 
through my entire higher education life. Ungrudgingly, he has helped me through this 
roller coaster of a ride, which has been my PhD. 
Other very influential people who deserve a special mention are Dr. Christopher Jeynes, 
for going beyond the call of duty and becoming my impromptu thesis advisor. Prof. 
Momir Milosavljevic and family, thanks for taking me in during my time at the Vinca 
laboratory and showing me true friendship. Prof. Russell Gwilliam, thank you too for 
your guidance, knowledge and understanding. Thanks also to the SCCRG group for 
providing the IBDS samples. EPSRC and IBC (R. Webb in particular) thank you for 
funding the project. 
I'd like to also acknowledge all of those, past and present within the ATI, but I'd like to 
give a special mention to my good friends David, Fred, Yang, Lisa and Harry who have 
sat the duration of this ride with me. Charles and Max, thanks for joining me for lunches 
and the late nights, keep going because it will all be worth it in the end. Special thanks to 
Jaydeep for your friendship and last minute help. Marion Lorenco, you have been brilliant 
to me and I hope to show my appreciation upon completion of this project. Nick, Andy S, 
Shehan, Nilushan, Renzo, Bill, Huda, Aniza, Worasak, Damitha, Imalka, Mel, all the past 
and present members of the ATI Allstars, all the support staff within the ATI/IBC: Dean, 
John, Chris B, Darryl, Rigby, Karen A, Alex R, Julie and Lynn, thank you all, it's been a 
pleasure. 
My good friends Ding, Jeremy, Jamie, Ling, Richard, Robin, Edmond, Carl, Chi, Sum, 
Yan, Tom and the rest of you, thanks for understanding my financial situation, or lack of 
it. 
Finally, I must thank my parents and grandmother for their support and encouragement, 
not only through my education, but also for making me the person I am today. My 
V 
`S MOW 
siblings Steve, Pat and Michelle thanks for putting up with me, and finally Leanne, thank 
you for your constant understanding and love. 
To anybody I have forgotten to mention, I do deeply apologise. 
V1 
ýý* ýu"ý'Eir 
LIST OF PUBLICATIONS 
The following papers based on this work have been published in journals. 
L. Wong, M. Milosavljevic, M. A. Lourenco G. Shao, R. Valizadeh, J. S. Colligon 
and K. P. Homewood, Semicond. Sci. Technol, 23,035007(2008). 
2. M. Milosavljevic, L. Wong, M. A. Lourenco, R. Valizadeh, J. S. Colligon, G. Shao 
and K. P. Homewood. Conference proceedings: The International Conference on 
Physics of Optical Materials and Devices (2009), submitted to Opt. Mat. 
VII 
SO 00 
GLOSSARY OF MAIN TERMS 
°C Degrees Celsius 
AD As-deposited @ temperature 
AN Annealed @ temperature 
a Absorption coefficient (cm-') 
a-FeSi2 Amorphous iron disilicide 
, B-FeSi2 Crystalline beta iron disilicide 
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by Photon energy (eV) 
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k Boltzmann's constant (8.62 x 10"5 eV/K) 
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KF Kinematic factor 
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14 Average projected ion range 
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CHAPTER 1 
Introduction 
With the world's fossil fuel resources (gas, coal and oil) rapidly depleting and the increasing 
concerns of global warming, there is considerable interest in developing alternative means of 
generating electrical power. Over the past decade renewable energy, especially that of solar 
energy, has become more viable as an alternative for electrical power generation [1]. 
Photovoltaic cells directly convert electromagnetic radiation from the sun into usable 
electricity therefore offering a sustainable, pollution free and portable power source. This 
conversion of sunlight into electrical energy is largely governed by the properties of the 
material which the photovoltaic cell is made of and hence successfully developing a new 
photovoltaic cell material is a very challenging task. The fundamental requirements for thin 
film photovoltaic cell materials to which this project will be aimed are listed below [2]: 
" Band gap energy value of approximately I eV or higher 
" High absorption coefficient, a? 104 cm-' 
" Good photovoltaic conversion efficiency 
" Direct band structure 
" Consists of readily available, non toxic materials 
" Low cost, simple and reproducible manufacture technique, suitable for large area 
production 
" Long term stability 
At present, no individual material fulfils all of these requirements. The work carried out 
during the course of this project is directed at developing amorphous iron disilicide (a-FeSi2) 
as the next developmental stage from crystalline ß-FeSi2 phase. Like many other silicides, fi- 
FeSi2 can take many phases, but it was the semiconducting ß- phase which originally 
gathered interest around the globe. The main reason for this was because of its reported 
`direct band' structure with energy value in the region of 0.83 - 0.97 eV [3,4,5], making the 
silicide of interest for fabrication of integrated silicon optoelectronic and photovoltaic device 
applications. Another key advantage of ß-FeSi2 over other possible photovoltaic cell 
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materials was its environmentally friendly properties. Both Fe and Si are nontoxic and are 
common elements found in the earth's crust, unlike other commonly used `precious' metals 
such as Ga, Ge, In, Ru, Se and Te [6]. Finally, ß-FeSi2 has a high absorption coefficient a 
approximately ten times larger than GaAs and fifty times that of silicon at equivalent 
energies above the band gap energy Eg value [7]. However, the major disadvantage seen for 
ß-FeSi2 is the need to form the material on crystalline silicon substrates using high process 
temperatures. This not only limits the possible device area but also increases the thermal 
energy budget for production. Amorphous iron disilicide (a-FeSi2) on the other hand is seen 
to offer a possible solution. Research has shown that this phase can be deposited at room 
temperature whilst maintaining semiconducting properties similar to that of the crystalline ß- 
phase [8]. Various techniques for producing ß-FeSi2 have previously been investigated 
including molecular beam epitaxy (MBE) [9], reactive deposition epitaxy (RDE) [10], solid 
phase epitaxy (SPE) [10], ion beam synthesis (IBS) [11], ion beam mixing (IBM) [12] and 
sputtering [13,14,15]. Of these, ion beam mixing and ion beam sputtering have been 
successfully reported as techniques used for fabricating the amorphous phase of the disilicide 
[16,17]. 
In this project two individual investigations were made. First a study on co-deposition of ion 
beam sputtered amorphous and polycrystalline layers will be carried out, looking into how 
the basic optical properties are affected by changes in both the annealing and deposition 
temperature. This will also be related to structural analysis via TEM done in collaboration 
with the work carried out in this thesis. Ion beam sputter deposition (IBSD) has been chosen 
as the deposition technique for this study as it offers a cheap method of depositing layers 
over large areas ideal for manufacturability and also an efficient (low energy) method of co- 
depositing both Fe and Si. 
The second study will look into fabricating amorphous films by ion beam mixing of multi- 
layers of Fe and Si deposited onto quartz substrates using Fe+ ions. The basic optical 
properties will be accessed along with their structural properties via Rutherford 
backscattering spectroscopy (RBS). So far IBM of Fe - Si multi-layers has not been 
performed on quartz to fabricate a-FeSi2, therefore the work presented within this study will 
provide a good insight into the feasibility of fabrication via this method. 
2 
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The structure of the report will be split into 7 chapters with the aim of giving the reader an 
understanding of the project and the experimental work carried out. Chapter 2 contains a 
review of the background literature on Fe-Si materials along with other up to date research 
concerning this topic. Chapter 3 summarises the important theoretical topics needed to 
understand and interpret the results. This is followed by chapter 4 describing the 
experimental details, describing the apparatus, procedures and also the analysis techniques 
used. Chapter 5 contains the experimental results, chapter 6a discussion of the results and 
finally, chapter 7 finishes with a conclusion summarising the main findings and outlining 
details for future work. 
All figures, tables and equations have been numbered with reference to the chapter and 
location where they are found, for example Figure 2.3, refers to the third figure in chapter 2. 
A bibliography of the references will be given after the chapter 7. Results which have been 
discussed but not shown within the body of the thesis will be provided in the Appendix. 
3 
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CHAPTER 2 
Literature review 
2.1. Introduction 
A `photovoltaic' device, also known as a solar cell converts electromagnetic radiation from 
the sun into usable electrical energy. The photovoltaic effect was first reported in 1839 by 
Becquerel [18], but it was not until 1954 when Bell laboratories reported on their 6% 
efficient silicon p-n junction device [19] that really kick started the development into 
photovoltaics. Rapid growth followed in which the technology benefited greatly from the 
continuously improving standards of silicon technology, developed originally for transistors 
and later for integrated circuits. However, even after decades of development, it is the high 
cost of photovoltaic devices that is preventing it from competing with fossil fuel based 
conversion methods. The single most expensive factor is the cost of materials. Silicon wafer 
based cells which include crystalline and polycrystalline currently make up approximately 
90% of the market share. Expensive extraction techniques such as the Czochralski pulling 
methods are needed to obtain the material, making single crystal silicon photovoltaic cells 
expensive to manufacture. It is this high manufacturing cost for wafer based cells that 
demands new cheaper alternatives. 
One alternative is to produce devices using thin films of a material only a few microns thick, 
as compared to using thick wafers. Devices produced using this method not only offer a 
reduction in manufacturing costs, due to lower material usage but devices can also be 
fabricated over larger areas with reduced payback times (time needed for a cell to generate 
the amount of electrical energy that was required to fabricate it), as much as 50 % of the time 
of equivalent wafer based devices. The disadvantage however, is that device efficiencies of 
thin film cells are significantly lower than those of wafer based cells due to lower material 
quality, but the general consensus is that the reduction in cost which can be as high as 10 
times that of conventional wafer based cells, far outweighs the need of highly efficient cells 
[20]. 
4 
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At present the thin film PV market comprises of 64 % amorphous silicon (a-Si), 26% 
cadmium telluride (CdTe) and 10 % copper indium gallium selenide (CIGS) [21]. However 
each of these devices type yield environmental concerns either due to the elements which 
make up these cells or the techniques used for fabrication [22]. For amorphous silicon, the 
flammable gas silane is used to produce the material and toxic gases such as phosphine and 
diborane are used as dopants. Toxic hydrogen selenide and cadmium are used to produce 
CIGS and CdTe cells, respectively, both of which are dangerous at high levels. The later two 
also carry the problem that there is a limited supply of the dopants used and the debate is 
whether it can or should be used to match the demand of mass production as a low cost 
photovoltaic cell. However, despite these issues, cells produced from these materials have 
been seen to have efficiencies upwards of 16 % [23]. 
2.2. Silicides 
Silicon dominates the world of modern day microelectronics in which a number established 
techniques and processes are in place for fabrication. In terms of optical characteristics, 
silicon itself has an indirect band gap of approximately 1.12 eV [24]. It is therefore seen to 
possess poor optical characteristics, with low absorption coefficient in the region of 103 cm-' 
and hence not ideal for optoelectronic applications. In order to alter the properties of silicon, 
it can be combined with elements from the periodic table to form a compound known as a 
silicide allowing modification of its properties. However, silicides are commonly known for 
their compounds with transition metals which give rise to either, metallic or semiconducting 
properties. Metallic silicides were originally found to be metallic and effectively used as 
interconnects, ohmic contacts and Schottky barriers due to their low resistivities [25]. 
However more recently, a new group of `semiconducting' silicides have emerged which have 
good technological and material compatibility with silicon making them interesting for their 
potential use in future optoelectronic & silicon based microelectronic applications [26]. 
Altogether there exist 12 reproducibly observed semiconducting silicides formed using 
transition metals from group II up to VIII. 
2.3. Fe-Si systems 
Of all of the semiconducting silicides, ß-FeSi2 has drawn the most attention as the most 
promising for photovoltaic applications due to its favourable optical properties. The 
5 
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amorphous phase of the silicide is a development from the crystalline ß- phase, therefore a 
brief background on the work carried out previously on ß-FeSi2 will first be given. A binary 
phase diagram for Fe-Si systems is shown in Figure 2-1, it can be seen that there exist many 
phases ranging from Fe rich through to Si rich phases. 
v 
I- v 
a 
E 
I, I- 
Figure 2-1 Showing the binary phase diagram for Fe-Si interactions (after V. E. Borisenko 1271). Around 
stoichiometry the semiconducting /1-FeSi2 phase highlighted in blue exists together with the metallic a- 
FeSi2 and a newly reported amorphous-FeSi2, although not shown. 
Iron disilicide can exist in four phases. The first phase is semiconducting /3-FeSi2. which has a 
crystalline orthorhombic Bravais lattice structure with lattice constants a=0.986 nm, b= 
0.779 nm and c=0.783 nm with 48 atoms per cell [28]. The second phase is metallic high 
temperature a-FeSi;, which is stable from 950 'C up to its melting point and has a tetragonal 
structure where lattice constants a=b=0.2698 nm and c=0.5390 nm with 3 atoms per unit 
cell [29]. Third is a metallic metastable phase, y-FeSi2 which has a fluorite structure [30] and 
the most recently discovered fourth is the amorphous phase [17] which will be discussed in 
more detail later. 
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2.3.1. Why all the attention? 
2.3.1.1 Controversial band structure 
The goal of obtaining light emission from silicon has been at the forefront of research for 
many years. From a solid state point of view, Si has an indirect band structure and is seen as 
a poor emitter / absorber of light, thus hampering the numerous attempts of integrating 
silicon optoelectronic devices. This problem has motivated research into Si based methods of 
obtaining light emission and as a consequence ß-FeSi2 attracted a lot of attention. In 1985, 
Bost and Mahan [3] reported of a minimum direct band gap energy Eg value of 0.87 eV at 
room temperature. The significance of this not only lies with the band gap being direct in 
nature, but also, it matches the absorption minimum of quartz optical fibres of a wavelength 
of 1.5 gm making iron disilicide feasible for near infra red detectors and light emitters [26]. 
Thereon in, studies into the optical behaviour of ß-FeSi2, especially in relation to its band 
structure became the focal point of much discussion because both experimental and 
theoretical calculations regarding the nature and the value of the lowest energy gap of FeSi2 
were often conflicting. Several theoretical investigations on bulk crystalline ß-FeSi2 using 
ab-initio calculations including that by Christensen et al. [31] revealed that ß-FeSi2 possessed 
a rather complicated and also flat band structure which was in fact indirect in nature, 
however a direct band gap just a few meV higher at 0.8 eV was also present. They used thhe 
linear muffin-tin orbital (LMTO) model to calculate the energy band under local density 
approximations (LDA). 
Around the same time, findings by Epenga et al. [32] also using ab-initio LDA calculations 
for ß-FeSi2 were reported in which indirect and direct band gaps of 0.44 eV and 0.46 eV 
were predicted, respectively. Although significantly smaller than the band gap energy values 
obtained by Christensen, the similar trend confirms the very small difference between energy 
levels and illustrates the difficulty in defining the nature of the ß-FeSi2 band gap due to the 
complicated band structure of the silicide. Other theoretical calculations include the work by 
Filinov et al. [33] who also suggest that both types of transitions may exist within the Q-FeSi2 
band structure. An illustration of a typical ß-FeSi2 band structure calculated by LMTO 
method by Filinov et al. is shown in Figure 2-2. 
7 
ll. \R FRSITY OF 
Chapter 2 SURREY Literature Review 
2.0 
lz 
: 
1.5 
1.0 
W 
............................ .................................................... ..... 
-0.6 
ZRSrnZTYr 
Figure 2-2 Showing the band structure of a ß-FeSi2 obtained by LMTO calculations along the standard 
contours within the Brillouin zone (after Filinov et al. 1331). Both direct and in-direct points of transition 
are observed just a few meV apart, illustrating the difficulty in defining the nature of the ß-FeSi2 band 
structure 
Here we see that ß-FeSi, has a rather complicated and also flat band structure. It is 
characterised by an initial direct band gap of 0.742 eV at point A and also at point Y we see a 
possible second direct band gap of 0.82 eV. However not shown within Figure 2-2 are the 
indirect band gaps also observed, with values of 0.741,0.738 and 0.74 eV, each being 
smaller than the initial direct band gap. This situation has been observed in many of the 
theoretical calculations (in which very small differences between energy levels are found), 
thus illustrating the difficulty in defining the nature of the ß-FeSi2 band gap. 
Experimentally, investigations have also yielded both indirect and direct band structures, 
however the majority of results tend towards the silicide being direct in nature. To fabricate 
ß-FeSi2 many fabrication methods including epitaxial techniques such as molecular beam 
epitaxy (MBE) [34,10], solid phase epitaxy (SPE) [35], reactive deposition epitaxy (RDE) 
[9], the use of ion implant technologies such as ion beam mixing (IBM) [12] and ion beam 
synthesis (IBS) [I I] and also use of deposition techniques such as sputtering [ 14,15]. 
The optical analysis of these experimentally fabricated ß-FeSi2 layers shows that the band 
structure is rather sensitive to growth techniques and the process conditions applied. The 
majority of all optical investigations describe the silicide as having a direct band gap with 
8 
UNIVERSITY of 
Chapter 2 Sum' Literature Review 
energy Eg value ranging 0.83 - 0.97 eV. [5,36]. More detailed descriptions of selected 
investigations will be discussed later in the review. 
However, many investigations have also claimed the existence of an indirect band gap. 
Giannini et al. [4] investigated optical properties of ß-FeSi2 layers grown by solid phase 
epitaxy (SPE) using transmission measurements at different temperatures. They revealed that 
at 10 K, both the indirect and direct band gap existed with energy values of 0.84 eV and 0.89 
eV, respectively. Both band gaps were seen to exist up to a measurement temperature of 80 
K, however above this temperature, the indirect band gap could not be determined due to the 
contribution of defect levels within the layers. This result ties in closely with the theoretical 
calculations [31] thus confirming the complicated flat band structure of the silicide. 
Radermacher et al. [5] reported similar findings on ion beam synthesised (IBS) 8-FeSi2 
layers. Optical measurement performed by photothermal deflection spectroscopy (PDS) at 
room temperature revealed a direct band gap energy value of 0.83 eV and an indirect band 
gap of value 0.78 eV. 
It is worth noting at this point that the vast majority of silicide investigations have been 
carried out on thin ß-FeSi2 films grown hetero epitaxially on bulk silicon. A report by Clark 
et al. [37] suggests that the explanation for the difference between experimental 
investigations lies in the introduction of strain into the ß-FeSi2 unit cell as a consequence of 
mismatch between its lattice with that of Si. By use of ab-initio LMTO density-functional 
calculations, the existence of two forms of lattice matching were revealed. Type-A, as it is 
named, refers to ß-FeSi2 [010] or [001 ] which overlaps on top of Si [1 10], while Type-B 
refers to the orientation Q-FeSi2 [010] or [001] overlapping on top of Si [100]. These two 
matching regimes give rise to different optical characteristics with Type-A favouring a more 
direct band structure due to the introduction of compressive stress on the ß-FeSi2 lattice of 
approximately 1.8 %. On the other hand, the ß-FeSi,, experiences tensile stress under the 
Type-B regime with the resulting band structure favouring an indirect band gap. From this 
investigation it can be seen that the orientation at which the material is grown on silicon 
plays an important role on the optical properties ofß-FeSi2 and small variations on the lattice 
alignment can change the nature of the band gap from one to the other. 
9 
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2.3.1.2. High absorption coefficient, a 
Whatever its band structure, another attractive optical property 8-FeSi2 possesses is its ability 
to absorb light strongly. Figure 2-3 obtained from the work by Makita et al. compares the 
absorption coefficient of ß-FeSi2 to other photovoltaic cell materials such as Si, a-Si and 
GaAs [7]. It can be seen that ß-FeSi2 has a higher a value over a wide range of wavelengths, 
stretching from photon energies from 0.6 eV and above allowing the possibility of generating 
a photo-voltage from a wider range of the solar spectrum. 
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Figure 2-3 Showing FeSi2 absorption coefficient as a function of photon energy, compared to other 
leading photovoltaic cell materials (after Makita et al. 171). It can be seen that ß-FeSi2 is the strongest 
absorber above its band gap, upon fundamental absorption. 
For manufacturing purposes, with an absorption coefficient a roughly ten times larger than 
GaAs and fifty times that of silicon at equivalent energies above the band gap [7], devices 
fabricated with ß-FeSi2 absorb the equivalent amount of the incoming light with a lot less 
material, therefore minimising costs. Many groups have found the absorption coefficient to 
be in the region of 104 - l05 cm-1. Katsumata et al. studied the annealing temperature 
dependence (400 - 950 
'C) of their electron beam deposited polycrystalline Q-FeSi2 [38]. 
The nature of the band gap was seen to vary with increasing annealing temperature from 
indirect to direct as indicated by the change in shape of the curve shown in Figure 2-4. 
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Figure 2-4 Shows optical absorption coefficient vs. photon energy as a function of annealing temperature 
of as-deposited and samples annealed between 500 - 900 °C after Katsumata et al. 1381). The onset of the 
band edge was observed upon annealing 500 °C, becoming more defined as annealing temperature 
increases. 
A well defined optical absorption edge was observed only after annealing at 500 
°C, which 
initially showed an indirect nature (between 0.532 - 0.687 eV) up to 600 C. Further 
annealing saw the crystalline structure of the samples improve and a transition of band 
structure to a direct nature (between 0.834 - 0.877 eV). 
An absorption coefficient of 105 cm-' 
at 1.0 eV was observed from the samples annealed at 800 C which also showed the best 
crystalline structure. Takaida et al. reported on room temperature reflectivity and 
transmission measurements of their Mn doped electron beam deposited polycrystalline ß- 
FeSi2 layers [39]. An absorption coefficient of 105 em-' was seen just above the band gap for 
samples implanted at RT and 250 'C and annealed at 900 
°C, once again in good agreement 
that the silicide is very strongly absorbing of photons above its band edge. 
2.3.1.3. Environmentally friendly properties 
Focus on the potential environmental, health and safety issues surrounding new technologies 
has becoming increasingly important and one of the key characteristic ofß-FeSi2 has been its 
environmentally friendly appeal. Both iron and silicon are common elements found in the 
earths crust unlike the `precious' metals of Ga, Ge, In, Ru, Se and Te used in some of today's 
common thin film cells [15]. In terms of health and safety, as mentioned previously, unlike 
the fabrication techniques used for fabricating a-Si in which the flammable gas silane and the 
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toxic dopant gases of phosphine and diborine are used as dopants, no such risks are present 
when synthesising ß-FeSi2 [22]. 
Other materials such as that of CdTe and CIGS, both of which are today's leading thin film 
materials are problematic for their use of toxic materials. A study by Fthenakis et al. [40] 
revealed cadmium to be a lung carcinogen which when inhaled can also cause long term 
detrimental effects in the kidneys and bones. ß-FeSi2 is therefore seen as a excellent, low risk 
alternative which could be used to meet the demands of mass production as a low cost 
photovoltaic cell. 
2.3.1.4. ß-FeSi2 summary 
" Semiconducting silicides are desirable because they show good technological and 
material compatibility with silicon making them interesting for their potential use in 
future optoelectronic & silicon based microelectronic applications. 
" Out of all the semiconducting silicides ß-FeSi2 has drawn the most attention as the most 
promising for photovoltaic applications due to its promising optical properties. 
" Has been fabricated by numerous non-equilibrium techniques such as MBE, SPE, RDE, 
IBM and sputtering. 
" ß-FeSi2 possesses a complicated and rather flat band structure giving rise to a 
controversial band gap, in which theoretical calculations have predicted an indirect and 
direct one a few meV apart. 
" Experimental investigations have observed both, with the majority resulting in a direct 
band structure of energies between 0.7 - 0.97 eV. 
" The reason for mainly direct observations is thought to be because almost all synthesis 
has been in thin film form on silicon substrates, where a large misfit in lattice structures 
introduced strain into the ß-FeSi2 layer forcing the optical band gap to become direct in 
nature. 
" Possesses a high absorption coefficient a in the region of 105 cm-1,10 times greater than 
GaAs and 50 times greater than Si at equivalent photon energies just above the band 
gaps. 
12 
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" Environmentally friendly material as both Si and Fe are abundantly available in the 
Earths crust, are chemically stable and also fabrication is not dangerous or harming to the 
environment. 
2.3.2. Review of ion beam mixing (IBM) of ß-FeSi2 
Two techniques can be used to form FeSi2 using ion implanters, ion beam mixing (IBM) & 
ion beam synthesis (IBS). IBS involves the implantation of ions into a substrate material in 
order to directly synthesis a material and therefore normally includes the use of a high energy 
and fluence irradiation [11]. Ion beam mixing on the other hand employs atomic intermixing 
of the individual layers present using energetic ion bombardment. Naturally, there are 
advantages to both methods. The main advantage of IBM is that the technique allows the 
ability to produce high solute concentration materials using lower ion energies and ion 
fluences as greater compositional changes are introduced per ion compared to IBS [41]. 
There have been several studies of the fabrication of /3-FeSi2 by ion beam mixing. A 
comparison of selected investigations involving the fabrication of FeSi2 is given in Table 2-1. 
Starting 
structure Substrate Ion 
Fluence 
(ions/cm2) 
Beam 
energy 
(keV) 
Mixing 
temp. 
(C) Final layer Ref. 
35 nm Fe Si (100) \e' Ic 101" 205 300 
Fe, Si. 35 I'll +: -I-cSi. 30% -FcSi_ 1 121 
35 nm Fe Si (100) Xe' 2x 10' 205 300 53 % e-FeSi, 47 %ß-FeSi, [12] 
35 nm Fe Si (100) Kr' Ix 10 
16 175 550 63%ofe-FeSi, 37%ofß-FeSi2 [12] 
35 nm Fe Si (100) Kr' 2x 10 175 550 
29%ofe-FeSi, 71%ofß-FeSi2 [121 
35 nm Fe Si (100) Ar' 2x 1016 80 550 
69%ofe-FeSi, 31%ofß-FeSi2 [12] 
35 nm Fe Si (100) Xe' 2x 10 250 600 
FeSiz (polycrystalline) ß [42] 
35 nm Fe Si (100) Ar+ 2x 10 ' 100 RT 
FeSi2 (polycrystalline) - [43] 
42 nm Fe Si (100) Xe' Ix 10" to 2x 1016 250 RT 
ß FeSi2 (polycrystalline) [43] 
36 nm Fe Si (100) Au' Ix 1015 to 2x 10 400 RT 
ß-FeSi2 (polycrystalline) + a-Fe + Fe-Si [43] 
Fe 
Si(100)& 
(III) Au' Ix 1012-" 100,000 RT ß-FeSi2 (polycrystalline) [44] 
Fe 
Si(100)& 
(111) Ag' Ix 10''" 100,000 RT ß-FeSi (polycrystalline) + residual FeSi [44] 
Table 2-1 Comparison of parameters such as energy, fluence and ion type used to fabricate /f-FeSi2 by ion 
beam mixing by various groups. Results will be discussed within the main text. 
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2.3.2.1. Influence of ion species 
A wide range of ion types have been used to form the silicide. Overall it has been found that 
the heavier the ions the greater the intermixing induced between the Fe - Si bi-layer structure. 
A systematic study by Milosavljevic et al. [12] compared the intermixing of 35 nm thick Fe 
layers deposited by e-beam evaporation using Ar+, Kr+ and Xe+ ions. It was observed that for 
the same mixing conditions, irradiation with the heavier ions induced a more preferential 
growth ofß-FeSi2as shown by the plot in Figure 2-5. 
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Figure 2-5 Showing the fraction of /1-FeSi2 phase grown in the 35 nm Fe/Si layer as a function of ion mass 
for 250 keV Xe, 175 keV Xe and 80 keV Ar implanted to 2x 1016 ions/cm2 (after Milosavljevic et a/. 1121). 
It was found that irradiation using the higher massed ions of Xe induced the greatest intermixing with 
the bi layer structures. 
The reduced formation of the silicide with lighter ions was attributed to a lower deposited 
energy FD into the bi-layer per incident ions. This was also seen in ß-FeSi2 mixed layers 
fabricated by Senthilarasu et al. [44]. Heavy ions of Au and Ag were used to mix a single e- 
beam evaporated Fe layer on a Si substrate. Here they also reported that the heavier ions of 
Au+ induced a more preferential growth of the silicide using a very high energy of 100 MeV. 
Similarly, Dhar et al. [43] investigated ion beam mixing of Fe and Si layers using Xe+ and 
Au+ ions. The starting structure prior to mixing was on silicon (100) substrates with a 
deposited Fe layer of 30 - 90 nm thick onto the top surface. Comparison of the theoretical 
and experimental mixing rates of the different ion species of Ar, Xe and Au showed again 
that the heavier ions of Au and Xe exhibited substantially higher mixing rates than Ar ions, 
with Au ions depositing the highest amount of energy to the layers 
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2.3.2.2. Influence of irradiation temperature, energy and fluence 
The degree of intermixing between Fe and Si systems is known to be dependent on the 
mixing temperature. The effects were studied by Milosavljevic et at [12] who irradiated 35 
nm Fe films on Si (100) using Xe ions of 2x 1016 ions/cm2 from room temperature (RT) up 
to 600 'C. At room temperature, a partially mixed layer with non-uniform depth profiles was 
observed from RBS. Increasing the sample temperature to 300 "C induced a fully mixed 
layer, although non-uniform intermixing was again seen containing a mixture of Fe3Si, E- 
FeSi, and Q-FeSi2. At 400 - 450 "C the Fe - Si mixture became more homogeneous but not at 
stoichiometric ratios. Here a layer by layer growth of FeSi2 was observed starting from the 
surface. It was only at 600 "C that a fully transformed 105 nm 83- FeSi2 was obtained showing 
continuous homogeneous Fe and Si concentration profiles with 31 : 69 atomic ratio. The 
suggestion is that the elevated temperatures encourage inter-diffusion of Si from the substrate 
towards the surface allowing preferential growth of the disilicide. 
A later study by Bibic et al. [42] used similar parameters (Xe ions at 2x 1016 ions/cm2) and 
varying the ion energy around the optimal of 205 keV in order to adjust the position of the 
average projected ion range Rp past the Fe - Si interface within the bi-layer. It was observed 
that increasing the ion energy to 250 keV and in turn deepening the position of Rp had 
detrimental effects on the mixed layer with the presence of e-FeSi being found along with ß- 
FeSi2. 
The group also reported on the basic optical properties of these layers, all of which exhibited 
a semiconducting behaviour with direct band structures. The band gap energy Eg values of 
samples mixed at 205 & 250 keV showed very similar optical properties with both exhibiting 
an energy value of 0.91 eV, even with the presence of E-FeSi. However, the sample with E- 
FeSi which is a narrow band gap material produced slightly broader absorption spectra below 
the fundamental edge. Optical measurements were also taken from 80 to 295 K and their 
results showed that the band gap energy Eg values did not vary over the temperature range. 
This was attributed to the high level of disorder within the ß- layer and the possible stress 
induced by direct synthesis using ion beam mixing. The effect of ion fluence on intermixing 
of Fe - Si systems was studied by Dhar et al. [43]. Figure 2-6 shows the RBS spectra of for 
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the Fe - Si profiles of a 42 nm Fe layer irradiated at room temperature with 250 keV Xe+ ions 
at different ion fluence from 5x 1015 to 2x 1016 ions/cm`. 
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Figure 2-6 Showing a) the Fe and Si concentration profiles from RBS analysis of a 42 nm Fe layer 
irradiated at 250 keV Xe' ions at a range of different ion fluence b) the corresponding extracted interface 
broadening variance 062(45) as a function of ion fluence (after Dhar et al 1431). 
The RBS profiles show a clear difference in intermixing upon irradiation at each fluence, as 
observed by the Si concentration broadening while Fe narrows. The corresponding increase 
in interface variance due to intermixing was determined via Equation 2-1, where Q2((D)and 
o2(o) are the variances obtained from the Fe and Si concentration profiles. It can be seen 
from plot b) that the mixing rate increases approximately linearly with ion fluence. Similar 
results were also obtained by Ar and Au, with the mixing of Ar displaying a significantly 
lower rate than the heavier ions. 
L2 =62(x)-62(O) 
Equation 2-1 
2.3.2.3. Ion beam mixed (IBM) ß-FeSi2 summary 
" Ion beam mixing of Fe / Si interfaces using ions of heavier mass result in a higher degree 
of mixing, as seen with using the Xe' ion. 
" For bi-layers, optimum mixing is achieved with the average projected ion range Rp 
positioned in front of the Fe - Si interface. 
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" Increasing the ion fluence is seen to increase the thickness of the mixed layers where the 
original structure consists of a single Fe layer deposited onto a Si substrate and the 
formation of FeSi2 relies on diffusion of Si atoms into the Fe layer. 
" Mixing with elevated temperatures encourages inter-diffusion of Si from the substrate 
towards the surface allowing preferential growth of the disilicide. 
2.3.3. Review of sputter deposition fabricated ß-FeSi2 
ß-FeSi2 has been synthesised using many different sputtering techniques. Sputtering is a 
widely used technique which offers a cheap, low temperature alternative for synthesising thin 
films as compared to the epitaxial and ion implantation growth methods described 
previously. Details of the fabrication together with optical and structural analysis of relevant 
investigations involving ion beam sputtering and those detailing co-sputtering (simultaneous 
depositing of both Fe and Si) ofß-FeSi2 will be covered in this chapter. 
2.3.3.1. Fabrication of ß-FeSi2 by ion beam sputtering deposition 
(IBSD) 
Ion beam sputtering allows a number of key advantages over parallel plate plasma induced 
sputtering which include deposition at lower temperatures, lower process pressure and 
improved controllability [45]. Improvements in surface morphology and densification of the 
Q-FeSi2 layers fabricated by ion beam sputtering deposition (IBSD) have been observed from 
using this technique by Ravesi et al. [46]. Compared with conventional sputtering (DC or 
RF), the ejected atoms from the target have greater energy which is seen to improve the 
surface morphology of layers. 
Ion irradiation of the substrate using a low energy beam during sputter deposition allows for 
further improvement of films. Terrasi et al. [47] first investigated fabricating ß-FeSi2 using 
ion beam assisted deposition (IBAD). Fe deposition was performed at 600 'C with and 
without assisted ion irradiation at a range of energies from 120 - 650 eV. A reduction in both 
the surface roughness and grain size was observed in the IRAD films with respect to those 
grown without the assisted beam. 
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In a later study, Barradas et al. [48] further investigated formation of /3- layers by completing 
experiments using similar parameters except at a higher deposition temperature of 700 'C. 
Like Terrasi's, layers deposited with the aid of the second beam, polycrystalline layers were 
formed possessing much smoother columnar morphology of preferential orientation ß-FeSi2 
(110,101) // Si(001). Increasing the energy of the assisted beam energy resulted in further 
improvements in surface roughness with the pin holes again disappearing at a low beam of 
energy of 200 eV. 
McKinty et al. [49] also studied ß-FeSi2 synthesised by IBAD sputtering, however in their 
investigation, co-sputtering of both Fe and Si in stoichiometric ratios was performed 
allowing deposition at much lower temperatures. Here the group deposited at room 
temperature but due to ion beam heating the target temperature rose to - 60 C. All samples 
were then deposited with a 100 nm Si capping layer to prevent oxidation on opening the 
deposition chamber and then post annealing performed on selected samples from 100 - 900 
. C. Again layers were deposited both with, and without the assisted beam and analysed 
optically. Transmission measurements were taken and it was observed that the as-deposited 
sample which was not irradiated with the assisted ion beam, showed no clear band gap until 
being annealed at 475 'C. However, with the assisted ion beam, the absorption spectrum 
showed an appearance of a clear band gap 50'C lower at 425 
'C. 
Continuing their work, an annealing and measurement temperature dependence on the band 
gap ofß-FeSi2 layers was studied using IBAD apparatus, but without the assisted beam [50]. 
Here depositions of Fe and Si in stoichiometric ratios were performed at room temperature 
and annealed from 100 - 900 
'C. The band gap energy Eg values of samples annealed at 500 
.C and above ranged from 0.91 to 0.92 eV, showing no dependence with respect to the 
annealing temperature as shown in Figure 2-7. Annealing below 500 
'C showed no 
interpretable band gap except at 475 'C were a lower band gap energy Eg value of 0.898 eV 
was observed. The variation between samples annealed at 475 
JC & those above 500 'C was 
attributed to incomplete transformation of the FeSi layer. However, this assumption is now 
known to be incorrect as a recent study by Milosavljevic et al. [51 ] suggests that for co- 
deposited layers a transition from amorphous to polycrystalline phase occurs when annealed 
between 400 and 500 °C, therefore suggesting that the former layers are actually of the 
amorphous phase. Further details of this investigation will be discussed later in the review. 
18 
SU RRREY Chapter 2 Literature Revio% 
0.93 
0.92 
0.91 
0.9 
0.89 
0.88 
102 
100 
98 
3 
96 
f 
im 
92 
90 
450 550 650 750 
Mncahn tcm a(urc (°C) 
450 550 650 750 
Annealing temperature (°C) 
Figure 2-7 Showing the band gap energy E1e values for sample annealed from 100 - 800 
*C (performed by 
McKinty et al. 1501). Also shown within this plot are the details of absorption below the band edge 
(Urbach tail) describing the level of disorder in this region. 
The independence of the band gap to annealing temperature was also later noted for ion beam 
mixed ß-FeSi2 layers by Bibic et al. [42] where it was attributed to the high levels of disorder 
and possible strain within the layers. In this case, McKinty et al. measured the Urbach tail 
width below the band gap giving a direct indication of the level of disorder within the region. 
A slight reduction in tail width by approximately 5 meV only indicates minimal defect 
improvements. 
In terms of measurement temperature dependence Figure 2-8 shows the plot of a2 vs. photon 
energy from 80 to 300 K [501. It can be seen that the plot shifts to the right indicating an 
increase in band gap energy value with decreasing temperature. This was seen to follow the 
Einstein oscillator model, which was also observed for ion beam synthesised ß-FeSi2 layers 
fabricated by Yang et al. [ 11]. 
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Figure 2-8 Showing the square of the absorption coefficient for co-sputtered IBAD fl-FeSi2, as a function 
of photon energy at a range of measurement temperatures from 80 to 300 K (after McKinty et al. 1501). 
The absorption was seen to shift towards higher energies upon decrement of the measurement 
temperature. 
2.3.3.2. Target composition on co-sputter fabrication of ß-FeSi2 
Layers fabricated by sputtering depend largely on the composition of the target used for the 
deposition and this holds true for ß-FeSii. A study into the crystallinity of 8-FeSi2 layers 
formed using different targets was undertaken using IBSD by Yamaguchi et al. [52]. Three 
different targets of compositions Fe, Fe2Si and FeSi2 were used to deposit films at differing 
thicknesses and temperatures. It was seen that the employment of the Fe2Si target yielded the 
best quality films, which exhibited highly (100) orientated ß-FeSi2 layers. One would 
normally assume a target composition of FeSi2 which actually yielded Si rich a-FeSi2 and 
Fe2Si5 layers, to exhibit the best results as the technique is known to maintain the 
stoichiometry of the original target [53]. Another interesting point from their result was that 
the pure Fe target also yielded better results producing polycrystalline ß-FeSi2 when thick 
layers were sputtered onto heated substrates. The non ß-FeSi2 layers obtained using the FeSi2 
composition target were attributed to an inappropriate mass balance of Fe and Si atoms. Due 
to the high deposition temperatures, in addition to the Si supplied from the target, atoms from 
the substrate also migrated their way into the film during formation. This on the other hand 
aided the formation of polycrystalline and crystalline ß-FeSi2 layers using the Fe and Fe2Si 
composition target, respectively. 
Contrary to these results, successful fabrication of ß-FeSi, has been reported by a number of 
other groups including Tan et al. [54] who have recently reported on DC magnetron 
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sputtered amorphous and polycrystalline -FeSi2 layers using a stoichiometric FeSi2 alloy 
target. Similarly, Nakamura et al. [55] reported on nano-crystalline FeSi2 using facing target 
sputtering (FTS) in which nano-crystalline FeSi2 films were formed. 
Moving away from alloy targets, simultaneous deposition of Fe and Si to fabricate ß-FeSi2 
layers is also possible. McKinty et al. [14] used an adjustable target system and found that a 
Fe to Si target composition ranging between 65 : 35 to 71 : 29 was needed to form ß-FeSi2 
layers. Target compositions outside this range were seen to be Fe rich from which no clear 
band gaps were extracted. The ß-FeSi2 formation was attributed to Si diffusion during the 
annealing process which was enough to compensate for the non stoichiometric sputtering 
ratio. A spread of direct band gaps, with energy values between 0.83 - 0.88 eV was 
extrapolated from the absorption squared, a2 spectra plots as a function of energy. 
2.3.3.3. Summary of sputter fabricated ß-FeSi2 
" Numerous sputtering techniques have been employed including IBAD, RF & DC 
magnetron and FTS to fabricate ß-FeSi2. 
" Ion beam sputtering allows deposition at lower temperatures, lower process pressure and 
improved controllability over conventional sputtering 
" All sputtered FeSi2 layers have exhibit direct band structures with energy value between 
0.8 - 0.95 eV. 
" Enhanced optical properties and improved morphology have been achieved with ion 
irradiation using an assisted beam for co-sputtered samples. 
" Successful deposition of the semiconducting silicide using various target compositions 
has been achieved. Those include FeSi2, Fe2Si alloy targets and also co-deposition in 
stochiometric ratios. 
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2.3.4. Devices containing ß-FeSi2 
The encouraging properties highlighted in section 2.3.1 indicate the suitability ofß-FeSi2 for 
optoelectronic applications but to date there have only been a handful of reported devices 
incorporating ß-FeSi-. Possible applications include photovoltaic cells, thermo-electrics, and 
optoelectronics due to the band gap being near the absorption minimum of quartz optical 
fibres [56,57]. In terms of photovoltaic cells, theoretical calculations by Powalla et al. [58] 
predict cell conversion efficiencies of around 23 %, which is comparable to that of bulk 
crystalline based homo junction cells of Si (24.7 %) and GaAs (25.1 %) [6]. 
Maeda et al. [59] investigated the photovoltaic properties with their ß-FeSi2/Si(100) hetero 
junction. Under testing their device achieved a maximum quantum efficiency of 0.35 % with 
maximum open circuit voltage of 0.4 V and short circuit current of 0.8 mA/cm` while under 
white light illumination of 100 mW/cm`. The polycrystallineß-FeSi2 layers were synthesised 
by lBS using a triple energy implant into Si(100) and post annealed at from 500 to 800 'C. It 
was confirmed that the high temperature anneal was needed in order to obtain the 
photovoltaic response. Samples annealed at 500 'C contained precipitates of the metallic y- 
FeSi2 near the junction interface which were seen to have a detrimental effect on devices. 
Liu et al. [15] reported on a ß-FeSi2/Si hetero junction prototype cell with a conversion 
efficiency of 3.7 %, under AM 1.5 testing conditions (100 mW/cm` of sunlight illumination). 
Although this is considerably below the estimated conversion efficiency calculated by 
Powalla et al. [58], this is the highest efficiency ß-FeSi- cell to date. The (110)/(101)- 
oriented epitaxial ß-FeSi2 layer was fabricated using FTS (facing target sputtering) in 
conjunction with a preformed thin ß-FeSi2 template layer on an n-type Si (111) substrate. 
Figure 2-9. shows the device structure of the hetero junction cell. The ß-FeSi2 layer was 
grown to a thickness of 290 nm which was calculated using the absorption coefficient 
obtained from the work by Yang e1 al. [ 11 ] to be sufficient to absorb all the sunlight above 
the band gap energy value. Front finger and back contacts were Al and AuSb, respectively. 
Other cell parameters include V0 = 0.45 V, short circuit current density Jos = 14.5 mA/cm2 
and a fill factor of FF = 0.55. 
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Figure 2-9 Showing the schematic of the device structure of the 3.7% efficient thin-film n-/1-FeSi2/p-Si 
hetero junction photovoltaic cell (after Lui et al. 1151). The ß-FeSi2layer was synthesised by sputtering at 
low temperatures. Back and front finger electrodes of Al and AuSb were used, respectively. 
Liu et al. [3,4,5] also fabricated a ß-FeSi2 homo p-n junction by impurity doping boron and 
arsenic using FTS deposition. The device showed diode characteristics with a photo response 
around 1.3 - 1.6 µm. Although very weak this wavelength response is in good correlation 
with the published optical properties of ß-FeSi2. The weak signal was attributed to inter- 
diffusion of dopants at the junction interface. 
Momose et al. [60] reported on the early stages of development of a ß-FeSi2 p-n homo- 
junction. Synthesised on Corning glass, a MoSi2 layer was deposited for use as a back 
contact. Using a thermal diffusion method, a template layer is deposited initially using a Ni 
wire ring as the dopant to obtain an n- type precursor, before depositing and annealing a very 
thin Al layer to obtain the p- type ß-FeSi, layer. IN characteristics have been obtained, albeit 
that the current was very low. However, further investigations into the heating time and 
temperatures are necessary. 
Other devices include many LED's (light emitting diodes) such as that reported by Leong et 
al. who incorporated ß-FeSi2 precipitates within a conventional silicon bipolar junction [57]. 
2.3.4.1. ß-FeSi2 devices summary 
" Theoretical cell efficiencies of 23 % have been predicted for ß-FeSi2. 
" Currently the highest device efficiency from a Q-FeSi2/Si hetero junction hetero junction 
exhibits an efficiency of 3.7 % and was fabricated by the sputtering technique. 
" Doping has been achieved using the industry standard impurities of boron and arsenic. 
" Possible contacts of Al, AuSb, MoSi2 (back contact) have so far been used. 
"A p-n diode has been fabricated with electroluminescence (EL) response between 1.3 - 
1.5 µm having the potential for optical communications. 
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2.3.5. Amorphous FeSi2 
2.3.5.1. Introduction - amorphous advantages 
Having explored the fundamental properties making ß-FeSi2 promising for photovoltaic 
applications, the focus of the review will now move onto the recently discovered amorphous 
phase. In general, the difference between the crystalline and amorphous phases of the 
dilsicide lies in the level of order within their microstructure. Amorphous semiconductors 
possess only short range order where the regular geometric periodicity is only observed over 
a few atomic or molecular dimensions (0 - 10 
A) [611. However, in crystalline 
semiconductors which can take a polycrystalline or single crystal form, the level of order 
varies in size and orientation covering the entire volume of material for the latter mentioned. 
Several potential advantages exist for fabricating iron disilicide in the amorphous phase (a- 
FeSiz) over its crystalline counterpart (specifically for photovoltaic applications). One such 
reason lays in the reduction of process temperatures. From the review of ß-FeSi2, it was 
shown that high process temperatures (reportedly up to 1100 C within a two stage annealing 
process) are required to produce the high crystalline quality material normally formed on 
silicon substrates [11,62]. This in turn results in a high thermal budget required for 
fabricating potential devices as it includes both the high temperatures needed in pulling the 
bulk crystalline substrate from molten phase, as well as the energy used for fabricating the ß- 
FeSi2 layer. As device payback times are related to the thermal budget, estimated times 
would therefore be equivalent to that of crystalline silicon cells which can be as high as 4 
years [63]. 
Fabrication using silicon substrates also imposes potential limitations on the device sizes. 
Not only are they expensive to manufacture but they are difficult to produce over large areas. 
No devices have been reported for a-FeSi2, however, with lower process temperatures, 
deposition onto alternative substrates such as glass or plastics over larger areas is made 
possible. Together with the desirable environmental and stability properties, the amorphous 
phase of this material offers a real potential if the optical properties which attracted much 
attention in the crystalline ß-phase are also retained. 
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2.3.5.2. General 
To date, the fabrication of a-FeSi2 has only been reported by a limited number of techniques, 
although numerous studies have acknowledged that the amorphous phase is normally grown 
at low temperatures, only a few have seen the significance of the material. Stemming from 
their work on the crystalline phase, Milosavljevic et al. [8] reported the first detailed study on 
a-FeSi, in 2001. Fabricated by ion beam mixing using 120 keV Ar8 ions from 0.5 to 2x 1016 
ions/cm2 at 300 'C producing a 45 nm amorphous layer sandwiched between polycrystalline 
iron and an intact silicon substrate as shown in Figure 2-10 
lk 
Figure 2-10 Showing the bright field TEM image of a) cross-section of an ion beam mixed layer b) micro 
diffraction (MD) of the amorphous FeSi2 layer (after Milosavljevic et a/. 181). 
The nature of the amorphous layer was confirmed by careful micro diffraction (MD) analysis 
of numerous points of the layer using high resolution modes to which only the primary halo 
ring, typical of an amorphous structure was exhibited with no traces of any nano-crystals. 
With ion beam mixing at 300 'C, the layer progressively mixes at the interface forming an 
amorphous layer attributed to the low substrate temperature. At this temperature the atoms 
have insufficient kinetic energy for nucleation of the crystalline phase. Further analysis 
showed the amorphous layer to have a similar density to the /3- phase of 7.95 at/cm3, different 
from the metallic phase of the disilicide. 
The main significance of this study was the discovery of an amorphous semiconductor with a 
direct minimum band gap of energy value 0.88 eV, within the range reported for crystalline 
/3-FeSi2 layers [3,4,5]. Figure 2-11 shows the absorption coefficient squared plot vs. photon 
energy, measured at room temperature for the a-FeSi2 fabricated by ion beam mixing. 
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Figure 2-11 Showing the absorption coefficient squared of a-FeSi2 fabricated by ion beam mixing. 
Extrapolation of the linear region demonstrates a direct band structure with energy value of 0.88 eV 
(obtained by Milosavljevic et a/. 181). For comparison, the optical absorption of a crystalline ß-FeSi2 
sample fabricated by ion beam synthesis (solid line) is shown in the inset. 
The plot in the inset shows a comparison between a crystalline ß-FeSi2 layer fabricated by 
ion beam synthesis and the IBM amorphous layer. It can be seen that above the band gap, 
both the amorphous and crystalline layers exhibit almost identical absorption characteristics, 
suggesting a high degree of short range order is retained in the amorphous phase. This is a 
somewhat uncommon occurrence, but has previously been mentioned for other materials, 
such as amorphous Sb2S3 [64] and amorphous GaN [65]. However, below the band gap as 
calculate by fitting the Urbach tail, with the amorphous layer exhibiting a broader absorption 
spectrum and suggesting a higher degree of disorder within its structure. 
To confirm the existence of a direct gap, further investigation was performed varying the ion 
fluence during deposition from 0.5 -2x 1016 at/cm2 [161. Similar to the crystalline ß-layers, 
RBS analysis of the amorphous disilicide revealed the thickness of the layer also increased 
linearly with ion fluence, as shown in the inset of Figure 2-12. Optical transmission 
measurements were taken at various temperatures. The observed band gap was seen to 
increase from 0.88 eV at room temperature (290 K) up to 0.94 eV at 80 K. 
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Figure 2-12 Showing RBS spectra of a-FeSi2 fabricated by ion beam mixing at a) as -deposited b) Ix 1016 at/cm2 and c)) Ix 1016 at/cm2 Ar8+ ions. The measured thickness as a function of fluence is shown in 
the inset, showing a linear dependence (after Milosavljevic et a/. 1161). 
In a later study the same group directly synthesises a-FeSi2 using co-sputter deposition with 
an ion beam assisted deposition (IBAD) system [17]. Here the samples were deposited to a 
thickness of 400 nm at various deposition temperatures ranging from RT up to 700 'C up. A 
set of samples deposited at 200 'C were also subjected to further ion irradiation using 200 
keV Ar+ at 5x 515 ion/cm2 at liquid nitrogen temperatures. 
The sample properties showed a high degree of dependence on the deposition temperature, 
with the samples deposited at 700 *C exhibiting larger grains than those deposited at lower 
temperatures. Compared with layers fabricated via IBM [8], where the amorphous FeSi2 
layers were homogenous in thickness through to the substrate with a sharper silicide / Si 
interface. Micro diffraction analysis showed a difference in structure between the samples 
deposited up to 200 'C (both irradiated and non-irradiated) which exhibited fully amorphous 
structures and samples deposited above 200 'C which exhibited polycrystalline structures 
consisting of the single ß-FeSi2 phase. The TEM analysis of a sample deposited at 200 'C 
along with the MD analysis is shown in Figure 2-13. The indication was that the amorphous 
structure forms when the stable compound cannot form due the high cooling rates of sputter 
deposition. At these low deposition temperatures there is insufficient diffusion for the 
nucleation of the crystalline phase. 
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Figure 2-13 Showing the TEM analysis of samples co-sputtered at 200 C with MD (micro diffraction) 
patterns as a) silicide layer b) interface c) Si substrate (after Milosavljevic et a!. 1171). We see the MD 
pattern of the silicide layer exhibiting halo rings typical for amorphous layers. 
Optically all co-sputtered samples also exhibited the desirable direct band structures, with a 
varied range of band gap energy values falling within the range of the crystalline phase. The 
as-deposited sample was observed to have a band gap energy Eg value of 0.89 eV, 
approximately matching the amorphous layers fabricated by IBM [16], although the level of 
absorption within the layers above the band gap was considerably lower. 
Annealing of the co-deposited layers shifted the band gap energy Eg value towards lower 
values with the sample annealed at 800 'C exhibiting an energy value of 0.86 eV. The 
absorption spectra for this sample showed the least absorption below the band gap, which 
provides evidence of improvement in crystalline structure with increase in annealing 
temperature. 
For the amorphous samples as-deposited and irradiated using Ar+ ions, significant 
improvements in their absorption spectra were observed especially with the room 
temperature deposited sample with an increase in level of absorption and also slight 
sharpening of the band tail. It was presumed that this room temperature sample possesses a 
highly disordered "partly frozen" amorphous state due to the low mobility of the atomic 
species upon deposition. Therefore increasing the deposition temperature or even ion 
irradiation helps improve the level of order giving a more relaxed amorphous structure and 
hence better optical properties. 
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2.3.5.3. Phase transition from amorphous to the crystalline ß- 
phase 
The transition from amorphous to the crystalline phase as a function of deposition and 
annealing temperature has also been studied [51]. Layers were deposited using the IBAD 
system as previously described with substrate temperatures ranging from room temperature 
(RT) up to 700 'C at 100 *C increments. Additional post deposition anneals were then 
performed on the RT deposited samples using rapid thermal annealing (RTA) at similar 
temperatures. As with their previous investigation, it was seen that the as-deposited samples 
exhibited fully amorphous structures up to 200 'C as did the samples annealed up to 400 'C. 
Increasing the annealing / deposition temperature above these temperatures saw a 
transformation of the layers to polycrystalline ß-FeSi2. Further details of this investigation 
will be given in the discussion section of the thesis with special reference to its optical 
properties. 
The transformation from amorphous to ß-FeSi2 was also investigated by Komabayashi et al. 
[ 13]. Samples were fabricated by RF sputtering on to glass substrates and annealed from 380 
- 600 
'C. Results from this investigation concur with that of Milosavljevic et al., in which a 
transformation from amorphous to crystalline phase is seen between 380 and 420 
'C. 
Compared with the IBM a-FeSi-, previously discussed, a higher annealing temperature of 650 
.C for 1 hour was needed to transform the layers to an intermittent c-FeSi2 phase and remove 
traces of the diffuse hillock from the amorphous FeSi2 phase in the XRD sprectra shown in 
Figure 2-14. In order to fully transform the layers to ß-FeSi2 a2 hour anneal at 870 'C was 
needed. 
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Figure 2-14 XRD spectra a-FeSi2 fabricated by IBM showing an as-mixed sample compared with the 
spectra for samples annealed at 650 for 1 hour and 870 C for 2 hours (after Komabayashi et a/. 1131). It 
be seen that the diffuse hillock from the amorphous FeSi2 phase is only evident in the as-mixed sample 
and is removed via the subsequent anneals. 
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2.3.5.4. Amorphous FeSi2 summary 
" Has been reported to exhibit similar optical properties as crystalline fl-phase, with a direct 
band gap around 0.88 - 0.92 eV and high absorption coefficient between 2-5x 104 cm-1. 
" Advantages of fabricating in the amorphous phase include the use of lower process 
temperatures and the potential of large area electronics using alternative substrates such 
as plastics and glass. 
" Retains its environmentally friendly attributes and chemical stability. 
" Has been successfully fabricated by ion beam mixing and sputtering techniques. 
" Co-sputtered samples are more homogenous in thickness through to the substrate with a 
sharper silicide / Si interface. 
" Amorphous structure can be improved with ion irradiation or deposition at elevated 
0 temperatures up to 200 C. 
" Transforms from amorphous to polycrystalline ß-phase when annealed at 500 'C and 
above or deposited with a substrate temperature of 300 C and above. 
2.4. Summary of the literature review 
Semiconducting silicides especially that of FeSi2 have been of particular interest due to their 
compatibility with Si, making them useful for future optical and silicon based applications. 
The crystalline phase of FeSiz has been extensively studied for the past two decades due to 
its, high absorption coefficient, direct band gap, and energy range of 0.85 - 0.96 eV, 
matching that of optical fibres for telecommunications and environmentally friendly 
properties since both Si and Fe are abundantly available in the Earths crust. Many 
investigations into the silicide have shown that it possesses a very sensitive band structure 
which can switch nature simply by varying the fabrication technique and parameters. 
However, the experimental observations of the silicide have yielded band gaps of the direct 
nature due to the silicide having to be grown on Si substrates that exerts compressive stress to 
the lattice which encourages a direct gap. 
With the focus of the thesis on ion beam fabricated FeSi2, a review of the ion beam sputtering 
and ion beam mixing revealed that these techniques are favoured for amorphous layer 
fabrication as ion beam sputtering allows deposition at lower temperatures, process pressure 
and improved controllability. However IBM allows complete intermixing using 
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comparatively low fluence and ion energies. For ion beam mixing, almost all FeSi2 
fabrication studies were performed on bi-layer structures in which the Fe layer intermixes 
with Si atoms within the substrate. Only a small number of multi-layer mixing studies were 
performed however to the author's knowledge no investigations have reported of irradiating 
structures using Fe as the mixing ion. Of the bi-layer studies, more efficient mixing is 
achieved using ions of a heavier mass, normally with noble gases such as Ar, Kr and Xe, 
which has been suggested to provide best results. Optimal mixing is achieved by placing the 
average projected ion range Rp within the Fe layer, 20 nm in front of the substrate interface, 
in a number of investigations. The irradiation parameters were also reported to play an 
important role in the intermixing, with the thickness of irradiated layers increasing at the 
interface with ion fluence, and mixing with elevated temperatures encouraging the inter- 
diffusion of Si from the substrate towards the surface allowing preferential growth of the 
disilicide. The optical properties of the ion beam mixed layers possess the typical direct band 
gap of the disilicide but a slightly higher absorption when compared with the fabrication 
technique of ion beam synthesis. For ion beam sputtering, numerous sputtering techniques 
have been employed including IBAD, RF and/or DC magnetron and FTS to fabricate ß- 
FeSi2. All sputtered FeSi2 layers have exhibited direct band structures with energy values 
between 0.8 - 0.95 eV. However, an improved optical absorption and surface morphology 
were observed due to the enhanced mobility of ion beam sputtered atoms. 
The obvious application of the disilicide and one of the reasons for such intense research 
effort is photovoltaic cell development. Theoretical cell efficiencies of 23 % have been 
predicted. However currently, the highest reported cell conversion efficiency is 3.7 %, 
exhibited from a ß-FeSi2/Si hetero junction device fabricated using sputtering. 
Reviewing the scientific literature surrounding the crystalline fl- phase of the silicide has 
highlighted the very few investigations of the silicide in amorphous phase. The material 
possesses key benefits including the reported similarity of optical properties with the 
crystalline , 8-phase, retaining a direct band gap of around 0.88 - 0.92 eV and high absorption 
coefficients ranging between 2-5x 104 cm-1. Other advantages allow the potential for large 
area electronics using alternative substrate materials such as plastics and glass. Thus far a- 
FeSi, has been successfully fabricated by ion beam mixing and sputtering techniques. 
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The phase transition from amorphous to crystalline FeSi2 presented in this PhD has been 
reported already. However the optical properties of these layers have not yet been examined 
and will be discussed within an investigation in this thesis. In regards to the IBM studies, a- 
FeSi2 has been reported via bi-layer mixing for irradiation with 120 keV Ar ions at 300 T. 
Due to the low temperature, the layer grows at the interface in amorphous form as the kinetic 
barrier for nucleation of crystallisation is not overcome. To the best of the author's 
knowledge, no work on the ion beam mixing of Fe - Si multi-layers on quartz substrates has 
been reported. 
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CHAPTER 3 
Theory 
3.1. Introduction 
A summary of the basic theories and background needed to synthesise, characterise and 
analyse the layers within this thesis will be discussed. The primary optical characterisation 
techniques will be overviewed with the aim of obtaining details on the nature of the band gap 
energy (Eg) and absorption coefficient (a). Models for direct and indirect inter band 
transitions in the parabolic band structure will therefore be discussed, followed by models 
used to describe the absorption below the fundamental edge. A description of the 
synthesising techniques of sputtering and ion beam mixing will then follow. This is intended 
to give the reader sufficient information so as to understand the work carried out throughout 
this project. 
3.2. Basic optical properties of semiconductors 
3.2.1. Optical absorption 
3.2.1.1. Introduction 
When optical light is incident on the surface of a semiconductor it is either reflected off, 
absorbed within, or transmitted through the material and can be described by the simplified 
transmittance ratio, given in Equation 3-1. T is the transmittance, I is the intensity of 
transmitted light through a semiconductor, R is the reflectance coefficient, Io is the incident 
intensity, d is the thickness of the semiconductor and a is the absorption coefficient of the 
semiconductor. 
T= j =(1-R)2e a. d 
Equation 3-1 
This equation assumes light is incident on a single layer where the reflection is the same for 
the front and back surfaces. Further details regarding this approximation will be discussed in 
section 4.2.4.2 within the experimental details chapter. 
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3.2.1.2. Absorption coefficient a 
As light propagates through a semiconductor a proportion of its energy is absorbed as a 
function of wavelength. Every semiconductor absorbs at different rates and this is dictated by 
its absorption coefficient, a (cm-1), which describes the relative number of photons absorbed 
per unit distance [66]. Materials with low a values such as silicon absorb light poorly and 
hence need thicker amounts of material to absorb the same amount of light as a material with 
high a value, such as ß-FeSi, or GaAs. 
3.2.1.3. Fundamental optical absorption in a semiconductor 
To analyse the optical absorption in a semiconductor, the region of key interest is the 
fundamental absorption edge where the semiconductor undergoes a rapid change from low to 
high absorption, corresponding to fundamental absorption. The position at which this 
absorption edge occurs is dictated by the band gap energy Eg of the semiconductor, defined 
as the difference in energy (eV) from the valence band maxima to the conduction band 
minima within the band structure. 
During optical absorption of a broad spectrum, incoming photons of different energies are 
incident on the semiconductor. Of these, only incoming photons equal to, or greater than the 
semiconductors band gap energy Eg contribute to the fundamental absorption process. In a 
number of cases, photons with energy lower than the band gap can also be absorbed, but only 
if there are available states between the conduction and valence band present due to physical 
defects or chemical impurities introduced during fabrication. It is therefore possible to 
determine by analysis of the fundamental absorption edge the key attributes of a 
semiconductor such as the band structures nature, the band gap energy Eg value and also 
information on defects within its structure. 
3.2.1.4. Direct absorption 
Depending on the semiconductors band structure. transitions can occur directly or indirectly. 
Direct transitions occur when the minimum of the conduction band lies directly above the 
valence band maximum in k-space, as shown within Figure 3-1. In this case, to promote the 
electron from the valence to conduction band the transition requires the energy from the 
incoming photon only. 
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Figure 3-1 Showing the E-k diagram of a direct band structure semiconductor where the top of the 
conduction band is directly above the bottom of the valence band at momentum k=0 (after 
Pa nkove 1671). 
In a parabolic band structure the energies of the initial state (E; ) and final state (Ef) are given 
by the following equations [67]. 
2k2 
E. 
h. 
= 
2mh* 
Equation 3-2 
2.2 
Ef- ER = 
ßi k 
2mei 
. provided k or momentum is conserved 
Equation 3-3 
where (me*) and (mh*) are the effective masses of electrons and holes, respectively, (k) is 
electron wave vector, (h) is Planck's constant over 2n and the band gap energy Eg between 
the two bands. For direct transitions the transition probability is independent of the photon 
energy (hv), so that Ef= by - JEJ, therefore we get: 
by - EX = 
hz'k` 11 
2 me mh 
Equation 3-4 
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By evaluating the joint optical density of states associated for all initial and final states we 
get: 
(2, u)3,2 1 N(hv)d(hv) = )Z2h 
(hv-EKY'd(hv) 
, where u= m, +m 
h 
Equation 3-5 
As the absorption coefficient is proportional to the joint density of states its behavior is thus 
given by Equation 3-6 [67]. where (A) is a constant associated with specific details of the 
band structure. 
a(hv)=0 for by<ER 
& 
a(hv)=A(hv-EX)' 2 for by>_Eg 
Equation 3-6 
3.2.1.5. Indirect absorption 
An indirect transition occurs for semiconductors where the minimum of the 
conduction band is not directly above the maximum of the valence band therefore the 
transition is not momentum conserving (k ý 0). In this instance, for the transition to 
occur a simultaneous absorption or emission of a phonon, along with the absorption 
of a photon is necessary to provide the change in momentum needed as shown within 
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Figure 3-2. 
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Figure 3-2 Showing the E-A diagram for the absorption transitions in an indirect band structure, where 
EX; is the indirect band gap energy value of an indirect semiconductor, by is the photon energy and Eh0,, o 
the energy required for phonon emission or absorption 1671). 
Through phonon absorption and emission conservation of momentum is achieved and 
described by the following equations where E, and Ej- are the energy at the initial and final 
states, Ep the phonon energy and ve and va are the emission and absorption frequencies [67]. 
hve=Ef-E, +Ep 
& 
hv, =E1-E, -Ep 
Equation 3-7 
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For indirect transitions all the occupied states of the valence band can connect to all the 
empty states in the conduction band, therefore the number of phonons (Np), given by Bose- 
Einstein statistics [67] is shown as Equation 3-8. 
N=E (Ep 
exp kT '1 
Equation 3-8 
When by > Ex + Ep both the emission and absorption of a phonon is possible, thus the 
absorption coefficient is given by Equation 3-9 [67]. 
a(hv) = as(hv)+ae(hv) 
Equation 3-9 
Where the absorption with phonon emission and absorption are given by Equation 3-10 & 
11, respectively. 
A(hv -E+E )z 
a, (hv)= R_E° for by>ER+Ep 
1 -ex kT p 
Equation 3-10 
A(hv -E-E )2 a, (hv) = (E, l' for by > ER - 
Ep 
exp kl -1 
Equation 3-11 
3.2.1.6. Absorption below the fundamental edge 
In theory, no allowed states are present between the valence and conduction band so only 
incoming photons of energy (hv) greater or equal to the semiconductors band gap energy Eg 
value, can excite an electron from one band to the other. However experimentally, physical 
defects as structural disorder or chemical impurities introduced during the fabrication process 
create available states between the conduction and valence bands which allow photons of 
energies lower than Eg to be absorbed and cause excitations. Sub-band gap absorption in 
many crystalline and amorphous materials exists in the form of an exponential tail, often 
38 
UNIVERSITY OF 
Chapter 3 SURREY Theory 
referred to as the Urbach tail [68,69]. The expression for the Urbach tail is given by Equation 
3-12 [69], where E is the photon energy, Eg is the band gap energy value, Eo is the tail width 
and a0 is the tail intensity as depicted in Figure 3-3. 
CE-Eg a= aoý exp E0 Equation 3-12 
Through the analysis of the absorption plot below the fundamental edge (below the band 
gap), details on the disorder factor (DF) within the material can be obtained by measurements 
of the product of the tail width Eo and tail intensity ao, to long wavelengths (lower energies) 
as this is directly proportional to the total defect states. The disorder factor was therefore 
used as a measure to characterise the disorder in this project. 
3.2.1.7. Urbach tail states analysis 
The method used in analysis depends on the features of the specific plot below the band gap. 
Conventionally, where an exponential curve is seen, values for EO and aO can be extracted 
from a vs. photon energy plot as shown in Figure 3-3. In principal, Eo is equal to the integral 
of the plot below the fundamental edge which is a direct measure of the thermally and 
structurally induced disorder, reflecting the presence of phonon states and defects in the 
material. In a high quality crystalline layer Eo would be low compared to that of an 
amorphous layer due to the low structural disorder and would largely be the result of thermal 
disorder. However where an exponential curve is not seen, the level of disorder (disorder 
factor, DF) within the layer can be determined by integration of the absorption coefficient 
plot below the band gap, as a function of photon energy, as described by Equation 3-13. 
DF = a(hv) dhv 
Equation 3-13 
a (cm-') 
ao 
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Figure 3-3 Showing the region of the Urbach tail on the photon energy vs. a2 plot below the band gap 
energy and how the values for EO and a from equation Equation 3-12 are extracted from the plot 1691. 
3.2.1.8. Temperature dependence of the band gap energy value 
Variations of the band gap energy Eg value of a semiconductor due to temperature can be 
attributed to electron - phonon interactions and thermal expansions of the lattice. However in 
many semiconductors the electron - phonon interactions dominate because the effect of the 
thermal expansion of the lattice is minimal, and can therefore be neglected [67]. Many 
models, such as the Varshni relationship [70], Thermodynamic [71] and Einstein model [69] 
can all be used to describe such a band gap energy Eg dependency in which the electron - 
phonon interactions dominate. The expressions shown in Equation 3-14 and 3.15, describe 
the Einstein and Thermodynamic models, respectively, where Eg (0) is the band gap energy 
value at absolute temperature (0 K), 6E is the Einstein temperature, K is a temperature- 
independent constant, hcw the average phonon energy, S the electron phonon coupling 
constant and k the Boltzmanns's constant. 
Eg(T)=Eg(0) 
K 
exp(B 
)-1 
T 
ER(T)=ER(0)-S(hct»coth(m -1 
Equation 3-14 
Equation 3-15 
It has been shown [72] that by re-writing coth (x) in terms of exponential functions that the 
Thermodynamic and Einstein models are both mathematically identical, giving the 
relationship between constants, as shown in Equation 3-16 and 3-17. 
hw=Bb. K 
K 
2(hw) 
Equation 3-16 
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Equation 3-17 
This relationship therefore allows the measurement temperature dependency of the band gap 
energy value of both models to be obtained by fitting only one of the expressions. 
3.3. Thin film fabrication techniques 
3.3.1. Sputtering techniques 
3.3.1.1. DC and RF Sputtering 
DC and RF sputtering are thin film deposition techniques whereby atoms from a target 
material are ejected into the gas phase and deposited onto a nearby substrate. The atomic 
ejection is achieved by bombarding the target surface with energetic ions induced by a 
plasma. In a basic DC system, only conducting materials can be sputtered. Typically 
sputtering is performed at deposition pressures between 5- 75 mTorr within a chamber filled 
with an inert gas (typically Ar). A high DC potential is placed between the target plate 
(cathode) and substrate plate (anode) in order to cause ionisation of the Ar ions. The system 
is designed so that the ionised Ar ions accelerate towards the surface negatively biased target 
to cause the ejection of atoms. A small number of secondary electrons are also produced at 
the target which accelerate towards the substrate and serve to maintain the plasma. However 
a sufficient ionisation rate is required to sustain the stable plasma. 
When dielectric materials are sputtered within a DC system, the negative charge applied to 
the target plate is becomes neutralised by a build up of positive charged ions. Eventually, the 
positive Ar ions no longer become attracted to the target and in turn the plasma breaks down. 
To stop the build up of positive ions and thus sputter dielectric materials, an alternating 
potential is applied to the target, typically at a frequency of 13.56 MHz so that during the 
positive half cycle, negative electrons reach the target to prevent any charge build up. When 
the half cycle is negative, the Ar ions accelerate towards the target with sufficient energy to 
cause sputtering. 
3.3.1.2. Magnetron sputtering 
In the basic DC and/or RF sputtering system, the deposition rate can only be increased by 
increasing the sputtering gas pressure in order to increase the number of collisions or by 
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increasing the ion current. However, increasing either of these parameters too much can 
cause adverse effects on the deposition rate as too high a gas pressure results in scattering of 
the ejected atoms and too high ion current can damage the target and apparatus. A limit on 
the deposition rate is therefore present using this technique. 
Based upon the basic principals of sputtering, the magnetron sputtering system utilises a set 
of magnets to confine the emitted secondary electrons ejected by the bombarding ions to 
improve the deposition rate at relatively low sputtering pressures. The array of permanent 
magnets are placed behind the target in such a way that one pole is positioned at the central 
axis of the target and the second pole is placed in a ring around the outer edges as shown in 
Figure 3-4. 
Sputtering gas 
(Ar) 
Anode 
Substrate table 
t Deposited film 
"" Sputtered target atom 
0 Sputtering Ar atoms 
" 
4' " Ionised Ar+ ion 
"" ,. " -- 
ý-. 
" Secondary electron e 
Cathode 
N' -S N 
Figure 3-4 Showing the schematic of a magnetron sputtering system, showing how the emitted secondary 
electrons are contained within the magnetic field above the target . 
Without increasing the sputtering pressure, secondary electrons emitted from the target are 
forced by the Lorentz force to stay in a helical path above the target. Through this, the 
ionisation efficiency is increased leading to a higher density of ion bombardment and 
therefore deposition rates. 
However, a number of disadvantages arise due to the increased deposition rates such as 
increased deposition temperature, decreased uniformity over the sample, low utilisation of 
target material (< 10 %) and also difficulty in sputtering of ferromagnetic materials. The 
most significant of these in terms of our investigation is that ferromagnetic materials such as 
Fe become difficult to sputter as the magnetic target shunts the magnetic field restricting the 
plasma from forming. To get around this, the target permeability and/or thickness must be 
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restricted to only a few millimetres, or the use of high field electromagnets or special target 
design is required. 
3.3.1.3. Ion beam sputter deposition (IBSD) 
In the conventional sputtering systems mentioned, the energetic ions needed for 
bombardment are induced by a plasma at the surface of the target. In order to produce the 
plasma, the chamber must be filled with Ar at deposition pressures between 5- 75 mTorr. 
Due to this pressure a number of problems arise. Firstly, gas molecules can be incorporated 
into the deposited layer and as previously mentioned, ejected ions can get scattered by gas 
atoms before they reach the substrate. For ion beam sputtering deposition, sputtering is 
performed under high vacuum. The ions needed for bombardment are produced 
independently by an ion source connected to the chamber and then accelerated through an 
aperture to create a collimated ion beam which is directed towards the target to cause atoms 
to be sputtered. 
This method offers a number of key advantages. First of which is purer layers with less 
incorporated inert gas atoms. The deposition also can be performed at lower temperatures, 
due to the removal of parasitic heat rise of the target and substrate. This in turn allows 
practically any target material to be sputtered, with no compatibility issues like the problems 
with depositing ferromagnetic materials on a magnetron system. Lastly, deposition rates are 
more controllable and also repeatable, allowing slower rates which result in more controlled 
thin films thicknesses of better uniformity [45]. 
3.3.2. Ion beam mixing technique 
3.3.2.1. Introduction 
Ion beam mixing is a thin film fabrication technique that induces atomic intermixing of the 
individual layers, either as bi-layers or multi-layers, by ion beam irradiation. The ion beams 
are generated by an ion implantation system which consists of a source, acceleration tube, 
analysing magnet and a target chamber as shown in Figure 3-5. 
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Figure 3-5 Schematic of an ion implantation system used to accelerate highly energetic ions into solid 
materials. The apparatus consists of a voltage generator and ion source, acceleration tube, analysing 
magnet and target chamber (after E. Rimini 1731). 
The ions are produced at the source from which a beam of ion is extracted through an 
aperture. Dependent on the system, the ions can be filtered (mass selected) before or after 
acceleration by applying a magnetic field specific to the desired ion to bend it towards the 
target chamber where the substrate is held. Here the ion beam is scanned in a raster type 
pattern over the target. To understand the principals behind ion beam mixing a basic 
understanding of the range theory and mixing regimes is needed. 
3.3.2.2. Range theory 
When an ion is implanted into a solid, they follow a random path and lose kinetic energy 
either by nuclear stopping or electronic stopping. Nuclear stopping is where the incoming 
ions lose energy due to elastic collisions with the target atoms, and electronic stopping is due 
to inelastic collisions between bound electrons within the target. These stopping powers have 
been extensively studied and consequently the average behaviour can be well predicted using 
the computer code named Stopping Range of Ions in Matter (SRIM) [74,75,76]. 
Within the solid, the net path length of an ion travelling within a horizontal layer is called the 
range (R) and the average depth, normally, where the peak of the concentration distribution 
of implanted ions is called the average projected ion range (Rp). The distribution of ions 
about Rp can be approximated as a Gaussian with a standard deviation (ARg) also known as 
the straggle, which represents the statistically random distribution of depths. Figure 3-6 
shows the concentration of implanted ions, as a function of depth when a) the ion mass is less 
than the ion mass of the substrate b) the ion mass is greater than the substrate. Note that 
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incident ions with lower mass than the target atom will penetrate deeper into the substrate 
than heavier ions. The average projected range Rp is dependent on the ion mass, M, and its 
incident energy E, whereas the relative width (AR, /Rp) of the distribution depends on the 
ratio between ion masses M1 & M2. 
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Ion Beam 
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(a) Ml < M2 (b) Ml > M2 
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Figure 3-6 Typical Gaussian distribution of implanted ions within a solid, depicting the average projected 
ion range (R,, ) where the peak of distribution lies and the its straggle (AR,, ). The average projected range 
R,, is dependent on the ion mass, M, and incident energy, whereas the relative width (ARS, /RR) of the 
distribution depends on the ratio between ion masses M, & M2 (after Nastasi 1771). 
3.3.2.3. Ion induced mixing 
Ion beam mixing relates to how the individual layers, be it as a bi-layer or multi-layers 
intermix due to ion irradiation. Several processes are responsible for this mixing process 
which includes atomic displacement, a local mixing stage and finally thermal effects due to 
heating and radiation enhanced diffusion (RED) between the atoms involved. 
3.3.2.3.1. Atomic displacements (recoil atoms) 
As an ion slows down and comes to rest within the target material, a number of collisions 
take place with the lattice atoms. Collisions of the nuclear type involving the target atoms, 
result in a number of displacements away from their lattice sites (recoil atoms), creating 
interstitial - vacancy defects also known as Frenkel pairs. This type of mixing is known as 
ballistic mixing and can be split into two collision categories, primary recoil collisions and 
cascade collisions. The former, is a single collision process in which the incident ion possess 
energy considerably greater than Ed (the minimum energy needed to displace an atom from 
its lattice site). The resultant recoil atom can in turn displace further target atoms causing a 
cascade of atoms being displaced a number of lattice sites away. The second type known as 
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cascade mixing commences when the recoiling atoms become sufficiently slow. Providing 
the atom involved continues to possess energy greater than Ed, these low energy collisions 
results in tiny displacements in random directions, normally seen between neighbouring 
atoms to within a few atomic lengths. Unlike recoil mixing, this type of mixing is more 
efficient and causes a high number of displaced atoms to leave their lattice, creating Frenkel 
pairs [78]. Both these mixing regimes depend on the first order ballistic parameters such as 
ion energy, atomic mass and density and are independent of temperature which is a second 
order effect [79]. 
3.3.2.3.2. Local heating phase 
In the region of the cascaded collisions, highly damaged regions exist; mixing can arise due 
to local heating of the lattice. Here, atoms with insufficient energy to displace further atoms 
(less than Ed) release their excess energy to the lattice as large amplitude vibrations [78]. The 
vibrational energy is quickly shared by nearest neighbor atoms and appears as a localised 
source of heat causing Frenkel pairs within close proximity of each other to recombine until 
thermal equilibrium is reached. 
3.3.2.3.3. Thermal diffusion phase 
Following the ballistic mixing phase, thermal diffusion of irradiation-induced defects, known 
as radiation enhanced diffusion (RED) takes place. The large concentration of lattice defects 
created in the form of Frenkel pairs gets rapidly diffused at low temperatures. The increased 
concentration of vacancies due to irradiation causes a proportional increase in diffusion due 
to the vacancy mechanism. Likewise, substitutional atoms within the lattice are ejected into 
interstitial sites from which they diffuse rapidly. This enhanced diffusion process promotes 
intermixing and can vary depending on the temperature or fluence used for mixing. 
3.3.2.3.4. Damage induced intermixing 
For the atomic displacement phase, the energy deposited to the starting structure is of much 
importance. This parameter is closely related to that of the average projected range Rp of 
incident ions with the peak of damage trailing that of Rp in all cases. This is shown in Figure 
3-7 showing the individual concentration (at. cm2) and energy loss profiles (eV. A) for a) Fe 
into a Si layer and also b) Fe into a Fe layer, as obtained from SUSPRE code [80]. 
46 
UNNERSITV OF 
Chapter 3 SURREY Theor% 
150 keV Fe' ions at 5x 1015 at/cm2 into Si 150 keV Fe' ions at 5x 1015 at/cm2 into Fe 
54.23 104 90.3 273 
V 
ý"ýt 
V ýý1 
e) b) 
0 0 0 0 
0 Depth (Angstroms) 3000 0 Depth (Angstroms) 3000 
Figure 3-7 Showing the ion concentration and energy loss profiles for a) 150 keV Fe+ ions into Si and b) 
keV Fe+ ions into Fe. The black circles depict the concentration profile of the implanted Fe ions, red 
squares nuclear energy loss and red triangles electronic energy loss. Spectras obtained from SUSPRE. 
Note that the maximum energy deposited always trails that of average project ion range RP. 
For ion beam mixing of structures (both bi- and multi-layers) it has been shown that the 
position of maximum energy deposition is of much importance with placement within the 
interface region showing superior results in terms of intermixing [42]. 
3.3.3. Rutherford Backscattering Spectroscopy (RBS) 
3.3.3.1. Concept 
Rutherford backscattering spectroscopy (RBS) is a powerful ion beam analysis (IBA) 
technique which allows characterisation of thin films. For ion beam mixed materials, where 
the layer consists of intermixed layers, RBS allows detailed non-destructive examination of 
the structural and compositional makeup of a material. We follow here the treatment of Chu 
et al. [811. 
The technique works by accelerating energetic (typically between I-3 MeV) low mass 
particles such as He+ towards the surface of a sample and measures the number and energy of 
the ions that `backscatter' upon colliding elastically with atomic nuclei in the surface region 
of the sample. Since the energy of the backscattered particle is a function of its initial energy, 
the kinematical factor, K and depth of the scattering event in the sample, the energy spectrum 
obtained from RBS reveals details of the atomic mass, elemental concentration and depth 
distribution of the analysed layer. The RBS phenomenon relies on a number of concepts: 
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kinematic factor, probability of collision (scattering cross-section), average energy loss 
(stopping cross-section) and energy straggle which limits the depth and mass resolution of 
the technique. 
3.3.3.2. Kinematic factor 
Kinematics is the study of the information available about a reaction simply from 
consideration of the conservation laws of energy (energy and momentum in this case). The 
kinematical factor KF relates the energy of the projectile after the collision to the energy of 
the incident beam. When a projectile of mass m and energy E;,,,;,,,, elastically collides with a 
stationary target atom nucleus of mass M, energy is transferred to the atom. The ratio of final 
energy Efal to initial energy EjnjijQj is termed as the kinematic factor and shown in Equation 
3-18. 
2 
Ef_1 mcos8+ MZ-m2sin2B Kb(M, m. 0)= r- (m+. 1/) 
Equation 3-18 
Experimentally, since the projectile mass, its initial energy and the detector angle 6 are 
known, the atomic mass of the surface atoms from which particles were backscattered can be 
obtained from the product KF. E 
3.3.3.3. Probability of collision (differential scattering cross- 
section) 
As particles are incident on a target, only a fraction of them backscatter from the target atom 
nucleus into the detector placed at angle 0. The probability do/dQ of this occurrence depends 
on a number of parameters such as the atomic number of projectile (Z, ) and target atom (ZZ), 
the energy of the projectile before scattering E, the scattering angle 0, and the masses Mand 
m. Heavier target atoms yield higher differential scattering cross-sections, and the same for 
projectiles with lighter atomic numbers and this is why He+ ions are typically used for RBS 
analysis. In a centre of mass frame of reference this reaction has a pleasing symmetry, with 
differential cross-section given by Equation 3-19, where ZI and Z2 are the atomic numbers 
of the target and incident atoms, E is the energy of the incident atom and 0 is the scattering 
angle. 
48 
UNIVERSITY OF 
Chapter 3 SURREY I hcorý 
d6 
_ 
Z, 
. 
Zz 2/ 
sin °9 dS2 -( 4E 
)( 
2) 
Equation 3-19 
RBS is so called since Lord Ernest Rutherford was the first to derive this elastic scattering 
cross-section simply from the Coulomb potential [82] thus showing that the positive charge 
in the atom behaves as a single point charge. 
3.3.3.4. Average energy loss (stopping cross-section) 
From Equation 3-18, at the surface of the sample the energy of a backscattered projectile 
EfAl can be given by the product of the kinematic factor KF and the initial energy of the ion 
Ein, t: ai (KF"EI,,; aar)" However, when the ion penetrates the target before and after 
backscattering, the energy loss (with a stopping cross-section E) for the inward and outward 
journey within the target must be also accounted for. By analysing the difference in energy 
loss between the two projectiles at the front and rear surfaces of a layer, the thickness (in 
energy terms) can be determined. 
As the energy loss is directly for thin films, thin film units (I TFU =Ix 1015 at/cm2) are used 
for the experimental cross-sections. For compound targets such as FeSi2, and those formed 
by ion beam mixing, Bragg's rule of principle additively of stopping [83], can be applied as 
shown in Equation 3-20. Here EA' is the stopping cross-section of the compound, EA is the 
stopping cross-section of element A and EB is the stopping cross-section of element B and 
finally p&q are their respective atomic concentrations. 
84B = p6B +qCA 
Equation 3-20 
3.3.3.5. Energy straggling of mass and depth 
The final concept for RBS is due to the random walk nature of the ion collisions within the 
target. As a consequence the energy loss of individual projectiles having the same initial 
energy E, will fluctuate. The statistical spread of the energy loss is known as the energy 
straggle and this puts a limitation on the depth and mass resolution of the technique. 
49 
UNNERSRV OF 
Chapter 3 SURREY Theor\ 
3.3.3.6. Reading an RBS spectrum 
Interpretation of an RBS spectrum can be performed visually. Using a number of simple 
schematics of a variety of mixing will be described together with the RBS output spectra. In 
the simplest case of a heavy metal deposited onto a Si substrate as shown in Figure 3-8, the 
heavier metal atoms are located at the higher energy region of the spectrum. The front edge 
of the metal corresponds to the product KF. E;; tial which fixes its location at the surface of the 
metal. For a uniform deposition of metal, an approximately equal number of backscattered 
counts will be observed, as is shown. The tilt is present due the correction for the `scattering 
cross-section'. 
Counts 
Metal edge 
Si Metal Si edge 
Si 
Si i 
rface 
signal 
Metal 
Sisnal 
Channel number (back scattering energy) 
KF 
" 
E/mtial 
Figure 3-8 Showing schematic representing the typical RBS spectra for a uniform metal deposited on a Si 
substrate. 
For the Si substrate, the marker for the Si surface denotes the position of the Si signal if it 
were placed at the surface of the target. We see that the onset of the Si edge actually occurs at 
a lower energy, due to energy loss of the backscattered particles through the metal layer. 
Structures more relevant to those found within the present study will now be examined. 
Figure 3-9 a) shows a structure consisting of a Si02 substrate with individual layers of a 
metal and Si deposited at the surface. To emphasise the different layers, the schematic shows 
the signal for the SiO2 substrate layer (blue) and Si layer (red) as separated spectra. The high 
energy edge of the metal signal stays at the same position and same height since it is still a 
pure layer at the surface of the structure. For the buried Si layer shown in Figure 3-9 b), we 
again see that the Si edge is displaced to a lower energy compared to the Si surface. The 
backscattered yield from the Si in the interlayer continues until the substrate signal begins. In 
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the present case the substrate is a Si02, therefore an over lap of the deposited Si and substrate 
Si signals will occur, however we have not shown this for ease of representation. We note 
that the actual RBS spectrum is a superposition of the signals for each of the constituent 
layers. If we now irradiate the structure using an ion beam, intermixing will predominantly 
occur between the Fe and Si layers as shown in Figure 3-9 c). The RBS spectrum now shows 
the front of the metal peak again at the same position and height, since the Fe atoms at the 
surface have not yet mixed. However at the lower energy edge, a decrease in peak height is 
observed where the Si atoms have intermixed with the layer and a broadening towards lower 
energies is observed due to Fe atoms intermixing into the Si layer. A similar effect is also 
observed in the backscattered signal representing the Si layer. As the layers completely 
intermixes, as shown in c the Si edge will broaden and decrease in height until the pure Si 
interlayer is completely consumed. 
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Figure 3-9 Showing the schematic representation of the RBS spectra for structures consisting of a) two 
deposited layers on a quartz substrate b) partial intermixing at the 
interface between the two deposited 
layers c) complete intermixing of the two deposited layers. 
52 
UNNERSRY OF 
Chapter 3 SURREY Theory 
3.3.4. Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) is an imaging technique used to characterise 
materials. By using a beam of electrons as the source, very small wavelengths of high energy 
electrons can be obtained allowing imaging resolutions at the atomic scale. The principle of 
TEM is to transmit an electron beam through a very thin layer of the sample. Electrons then 
penetrate through the thin sample and interact due to their electrical charge. A number of 
electrons will scatter away from the beam. Depending features of the sample, details of the 
interaction of electrons are then imaged via a fluorescent screen, or can be captured with a 
camera. Interested readers are forwarded to Fultz [84] for a more detailed review of the TEM 
process. In the present study, TEM was used to study the cross-sections of the co-sputtered 
IBSD layers within this investigation; however this was not undertaken by the author 
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CHAPTER 4 
EXPERIMENTAL DETAILS 
4.1. Introduction 
The following section contains a complete overview of the practical work carried out, giving 
comprehensive details of all experiments, procedures and analysis techniques performed. The 
main techniques employed to fabricate the amorphous and polycrystalline layers were ion 
beam sputtering deposition (IBSD) and ion beam mixing (IBM). Optical transmission was 
used to characterise the layers from which a number of important parameters were obtained 
including the band structures nature, the band gap energy Eg value, absorption coefficient and 
also characteristics of the absorption below the fundamental edge. Additional structural 
analysis was also performed by Rutherford backscattering scattering (RBS) and transmission 
electron spectroscopy (TEM) which will also be discussed in this chapter. The layers 
fabricated by IBSD were produced externally by Dr. R. Valizadeh of the Surface Coatings 
and Characterisation Research Group (SCCRG) at Manchester Metropolitan University. The 
fabrication of the layers by IBM of Fe - Si multi-layers, together with along with all thermal 
processing and analysis was performed in-house at the University of Surrey. 
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4.2. Deposition of amorphous and polycrystalline FeSi2 
4.2.1. Introduction 
In this investigation amorphous and polycrystalline FeSi2 have been fabricated using two 
different methods both of which include the use of ion beams and sputtering. Each of the 
techniques have been previously described within the theory chapter. The process parameters 
and procedure will now be provided. 
4.2.2. Fabricating ion beam sputtered FeSi2 
An investigation into the annealing and deposition temperature effects on the optical and 
structural properties was performed on FeSi2, fabricated by ion beam sputtering (IBS). A 
schematic of the IBSD system within this investigation is shown in Figure 4-1. It consists of 
two low energy argon (Ar) ion guns both capable of producing a broad 75 mm diameter 
argon Ar ion beam. The sputtering beam (ion gun A) directs aI keV beam of Ar ions 
directed onto the target to perform the main sputtering process. Ion gun B is used to assist the 
deposition process only, and directs a lower energy (100 - 600 eV) ion beam onto the 
substrate during film growth. The advantages of the secondary beam are higher quality films 
and increased deposition rates. However, in this project the secondary beam was only used 
for cleaning of the substrate. 
Ion source 
Shutter 
Shutter Substrate 
(anode +ve 
IB> 
Optional 2nd 0/0 
Ion source 
Target 
(cathode -va) 
Figure 4-1 Schematic of the ion beam sputtering apparatus equipped with two argon ion guns allowing 
the potential for ion beam assisted deposition. The inset shows the target holder consisting of separate Fe 
& Si plates, in which the sample position is adjustable. 
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As depicted in the inset, the target is composed of two individual plates of Fe and Si. The 
sample composition is adjusted by setting the amount of each plate within the 75 mm broad 
ion beam. Calibrations were run prior to the final deposition, using RBS to determine the 
stoichiometry. All layers were co-deposited onto Si (100) n- type substrates which were 
cleaned using a three-stage clean before being etched with buffered hydrofluoric acid mixture 
(HF) to remove the surface oxide. A deposition pressure of 20 mTorr with ion beam energy 
of I keV was used for all samples. 
A range of deposition temperatures were performed between nominally room temperature 
(actually 60 °C due to the deposition heat) and 700 T. Selected room temperature samples 
were also subjected to post deposition heat treatments using RTA (rapid thermal annealing) 
for 30 minutes in a nitrogen atmosphere between 300 °C and 700 °C at 100 °C steps. A 
summary of the samples fabricated is given in Table 5-1within the results chapter. 
4.2.3. Fabricating FeSi2 by ion beam mixing multi-layer 
structures 
4.2.3.1. Multi-layer depositions 
For the ion beam mixing study, multi-layers of Fe & Si were first deposited onto quartz 
substrates by RF magnetron sputtering. A three stage cleaning process was carried out prior 
to loading the quartz substrates into the chamber. To obtain the desired stoichiometric FeSi2 
subsequent to mixing. a ratio of 3.4 Si to Fe was calculated using the atomic densities of 4.98 
and 8.48 x 1022 at/cm3, respectively. 
A number of configurations with varying number of layers, N were fabricated. A schematic 
of the multi-layer structure configurations is shown in Figure 4-2 together with their 
respective thicknesses shown in Table 4-1. Also depicted are the average projected ion range, 
Rp and the distribution straggles, ARp for 150 keV Fe ions into each of the structures, as 
obtained from SRIM [74,75]. 
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Fe thiclmess Si thiclatess 
(tun) (sun) 
Total tIüclasess 
(lun) 
2 Layers 30 102 132 
3Layers 15x2 102 132 
4Laycts 15x2 51 x2 132 
5Laven 10x3 Al x2 132 
6LaFycn 10x3 34x3 132 
Table 4-1 Showing a summary of the nominal thicknesses for each of the as-deposited multi-layer 
structures. Each deposition was performed using RF magnetron sputtering on to quartz substrates. 
Each deposition was performed with a minimum base pressure < l0-7 Torr prior to all 
depositions. Using argon (Ar) as the plasma gas, depositions were performed at a pressure of 
-3 -5 mTorr using RF power of 175 W and 300 W for Fe and Si, respectively. A rotating 
substrate table revolving at 3 RPM was employed to achieve improved uniformity over the 
entire sample, which resulted in reduced deposition rates of approximately 0.03 nm & 1.8 nm 
per minute for Fe and Si, respectively. 
a) 
S102 Sf 
Rp 
b) 
SIO2 Si 
4 
Rp 
SIO2 Si SI 
Rp 
dý SfOý Sf SI 
Rp 
e) F SIO, Sf SI SI 
Rp 
1 , 
130 100 SO 0 
Thickness (nm) 
Figure 4-2 Showing a schematic of the multi-layer structures for the a) 2-layer b) 3-layer c) 4-layer d) 5- 
layer and e) 6-layer structures showing the position of the average projected ion range (Re, ) obtained from 
SRIM1 calculations using 150 keß' Fe ions 1751. The substrates (Si02) are shown to the left of structures. 
All layers were terminated with the top layer being Fe. 
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4.2.3.2. Ion beam mixing of multi-layers structures 
The ion beam mixing irradiations were completed using the 2 kV to 200 kV Danfysik ion 
implanter at University of Surrey Ion Beam Centre. The target chamber houses the substrate 
which can be mounted in varying ways depending on the application and experiment. 
Parameters such as the substrate temperature, tilt and rotation can all be adjusted. In the 
present study, the irradiations were performed in sets of 5 structures which were mounted 
onto the centre of a supporting wafer. A thermo couple was also fitted to monitor the 
temperature during irradiation. To achieve uniform irradiation the ion beam was raster 
scanned over of all structures. A beam energy of 150 keV was chosen using SRIM 
calculations [74] to implement the mixing within this study to give sufficient intermixing of 
the multi-layers without depositing too much energy to the substrate atoms. Information of 
the SRIM calculations can be found within the results chapter and are discussed in detail 
within the discussion chapter. The irradiation parameters used to irradiate the multi-layers are 
described within Table 4-2. 
Process Temperature Energy Fluence Mixing ion 
(C') (keY) (atien2) 
Pl RT (80) 1io 5x1015 Fe 
P2 RT (80) 150 1x 1016 Fe 
P3 200 150 .x 1015 Fe 
P4 200 150 1x 1016 Fc 
pc 400 150 1x 1011, Fe 
Table 4-2 Details of the irradiation parameters used to mixed the Fe - Si multi-layer structures. All 
irradiations were performed using 150 keV Fe ions, however the ion fluence and irradiation temperature 
were varied to provide a comparative study. 
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4.2.4. Material Characterisation 
4.2.4.1. Optical Transmission Measurements 
Optical transmission measurements were taken to obtain details on the absorption coefficient 
and band gap energy Eg values of all of the FeSi2 samples fabricated using the apparatus 
shown within Figure 4-3. 
Figure 4-3 Showing the schematic diagram of the optical transmission system used consisting of the 
follosing a) tungsten lamp b) light chopper c) quartz lenses d) neutral density filters (ND filters) e) 
sample holder/('F(' f) spectrometer g) germanium detector h) temperature controller i) computer j) lock- 
in amplifier. 
The setup consists of an excitation light source in the form of a tungsten ribbon lamp. By 
passing the light through a chopper and lock-in amplifier, background noise due to ambient 
light is removed at the detector. After the chopper. the light passes through a set of focusing 
quartz lenses and neutral density filters on to the sample. This is held inside a continuous 
flow cryostat (CFC) enabling measurements to be made at various temperatures down to as 
low as 80 K. After passing through the sample, any light not absorbed is re-focused through a 
second set of lenses onto a thin slit at the entrance of the computer controlled spectrometer. 
A germanium detector is placed at the exit slit and measures the transmittance through the 
sample. The spectrometer is scanned between the wavelength 600 to 2000 nm were to 
provide transmission data as a function of wavelength. The sample was held in a sample 
holder and sits across a circular aperture to define the effective sample size and to prevent 
any light from going around the sample. 
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4.2.4.2. Obtaining the absorption coefficient, a 
Air Si Air 
Iin (1-R). I, n (1-R). I, .e- 
SLds, ) (1-R)2. I, e -(asi. asi) 
0 10 
R. I; " 'Si 
R2("-ý). (1-R)2 Ie -2n-1. (rSLdSi) 
n 
R,, ir, i Rsila; r 
ds' 
Where R=R,,;,,,; = R,,; /,,;, was assumed 
Figure 44 Depicting the energy flow of light within single layered material, in this instance a Si substrate 
of thickness, 4. The incident light /the transmitted light /, t;, absorption coefficient of Si, a,;; and the 
multiple reflections, where n if the number of reflections which occur, are all described. We have 
assumed that the reflectance R, for entering the Si, R,;,, -, "; and exiting Si, R, sjia;, are equal (after Pankove 
1$51)" 
The transmission coefficient is defined as the ratio of transmitted power to incident power, 
l01,,,. For a single layered material, taking a bulk Si substrate as an example, the flow of 
light within the layer is shown in Figure 4-4. The light incident on the layer is given by t, Is; 
is the transmitted light out of the layer, as, is the absorption coefficient of the Si layer, and n 
is the number of reflections which occur. We have assumed that the reflectance R, at the front 
and back surfaces of the Si layer are equal. The transmittance of light through the Si layer of 
thickness ds can be described using Equation 4-1. The term e(-°S`ds) describes the typical 
exponential decay of light through a lossy material. It is assumed that the reflectance R, at 
each of the edges of the Si layer are equal so that, R= Barrist = Rsi ai,. 
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1. (hv) 
_ 
(1- R)z. ec '" T (hv) - js, Irv I- R2. e(-2a d 
Equation 4-1 
For strongly absorbing materials where the product of `a. d' is large, the exponential term 
within the denominator tends to 0, so the equation can be simplified to Equation 4-2. 
(hv) =Is, 
(hv) 
7z (l - R)2. e(-°ý, d, ) I, 
 
(hv) 
Equation 4-2 
All the samples in this project are of thin films of amorphous and polycrystalline -FeSi2 
fabricated onto substrate materials. Since the absorption coefficient a of the silicide, are 
known to be in the order of 10' -- i05 cm-1 [38,7.51,86], Equation 4-2 can be used. 
Si FeSi2 
fin Isi+Fesi2 
RairiSi RSL/FSiz RFesijair 
dsi dFesi2 
Figure 4-5 Depicts the cross-sections for a 2-layer structure, in this case consisting of Si with a FeSi2 layer 
deposited on to its surface. Included are details on the incoming light source lo, the transmitted light 
through both regions I,; and IFv;:, the three reflected light sources (Ra;, ';, R, sj, aj, and RF,. j2a;, ) and 
thickness of both layers (dv; and dF.. s; 2). 
For multiple layer structures. such as those studied within this investigation as an example is 
depicted in Figure 4-5 of a 2-layer structure where the incident light, I,, propagates 
throughout both layers. The ratio of transmittance for this structure can therefore be written 
as, Equation 4-3. 
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iJ., + I-eS, ., (hv) 
(1 - RS, . FeS12 
)(1 - R/"eS, 2/ wr). e(-aF, . 2. 
dF I2 ) 
S,. Ie42(ýJlI -=0 (RS, 2l ZaF. c zdFýs, ý) 
-Ra, r/S, 
). C 
I, 
nk" 
1--Pes, 
z"Rl. es, 2 air) 
e 
Equation 4-3 
By experimentally obtaining the transmittance measurements of both structures, with and 
without the deposited (FeSi2) layers, the transmittance of purely the deposited layer TFes; 2 is 
obtained by dividing Ts, -Fes, 2 with the transmittance of the silicon control sample Ts;, as 
shown in Equation 4-4. The division thus, effectively removes the transmittance of similar 
materials within both materials, which in this case is the silicon substrate. 
T, (hv) 
_ 
1. fi. r + lý e. 1} 2, 
(hv) 1rn 
. 
(hv) 
_ 
(1- RSr i /ýeSi 2) (1 - RFeSr 2/ air ). e(-aF5,2 
dF`S, 2) 
r 
ýr+lr. ý)ý 
_ Ttýsrz(hti) - TJ. r (hv) 1m (hv) 1Sr (hv) (I -Rair/Si )[1-(R Sa l /"eSi 2 'RheSr 2/ air )2. e(-20'Fe&2. 
d,,,, 
Equation 4-4 
Where the refractive indices of Si and FeSi2 are 3.4 [24] and 5.6 [87], the reflectance at the 
interface between the two layers Rs FeS, 2 was calculated to be 0.059 using Equation 4-5. 
Reflectance. R= n" - n"`' 
nn + 17mß 
Equation 4-5 
With the combination of this low reflectance, a high absorption and "thick" silicide layers 
(>30 nm), the term within the denominator is calculated to be negligible for the samples 
within this investigation (multi-layer samples) and can be neglected, to give Equation 4-6 
Tl,. /-ý.,, z (hy) (-ar. " 
dF S, 2) Tir. ýý, z(hv)= T(hv) -(1-Rs, ýFýýsz)(1-Rýýes, zra,. 
)ý 
Equation 4-6 
The absorption coefficient. a, --, s, 2 of the deposited layer only, 
is then obtained by taking the 
natural logarithm of transmittance and the absolute values are then subsequently determined 
by using the thickness obtained from TEM and RBS analysis. Equation 4-7 shows the 
rearranged expression making the absorption coefficient, a the subject of the formula. A' is a 
constant applied for normalisation of the two transmittances below 0.7 eV to obtain a 
transmittance. Tfe. S, _ = 1. as described in section 4.2.4.3. 
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Inl 
TG+heS, 
2 `') 
A. T,, (hv) 
d,, 2 
Equation 4-7 
4.2.4.3. Data normalisation to remove reflectance and scattering 
atoms 
With only minimal variations in reflectance for FeSi2 of 5% over the wavelength range of 2 
- 2000 µm [88,89]. the change in transmission around the fundamental edge is principally 
due to the variation in absorption coefficient. Therefore, to remove the need of 
experimentally measuring reflectance and account for scattering from the samples, a 
normalisation of the data set was performed. At energies considerably below the band gap 
energy Eg values of each of the constituent semiconducting layers: < 1.12 eV for Si [24] and 
< 0.88 - 0.97 eV for FeSi2 layers [3,4,5]. the semiconductors are known to be transparent to 
any incoming photons. In this region, any differences between the transmittance signals are 
therefore due to the variations in reflectance at the front and back surfaces and scattering 
within the layers. Normalisation of the data was therefore performed by multiplying the 
transmittance data for all fabricated layers Ts,. Fes, 2 by a constant `A' to obtain a transmittance 
ratio of 1, below 0.75 eV. 
4.2.4.4. Determining the nature of the band gap and its energy 
value Eg 
The determination of the nature of the band structure and extrapolation of the band gap 
energy Eg values were performed by extracting information on the absorption from the 
appropriate transmittance measurements. The system shown in Figure 4-3, outputs the 
intensity of transmitted light (a. u) as a function of wavelength. Data for each sample was 
performed. along with a bare silicon control sample (same as the substrate) which will be 
used in the calculation to obtain the absorption coefficient of just the deposited layer, as 
described in section 4.2.4.2. An initial step to convert each of the data sets to read as a 
function of energy (eV) was performed using the relationship shown in Equation 4-8 
describing frequency and energy to be inversely proportion to wavelength. 
63 
UNNFRSITV OF 
Chapter 4 SURREY Iypcrimcntal I)ct, iilk 
he 
_ 
1.238 
III- hr (eV) 
Equation 4-8 
As an example. the steps performed determine the nature of the band structure and the band 
gap energy Eg value of the co-sputtered sample AN600 will be discussed. A similar method 
was also applied for the multi-layer structures. To extract details of the transmittance details 
of the deposited silicide layer only TF, es, 2, the transmittance of a bare silicon control sample 
TS, and the appropriate sample Ts, -FeSI2 were measured, 
individually. The data sets are then 
normalised below 0.75 eV where the layers are transparent by multiplying the Ts, by a 
constant 'A ' to obtain Tf-es, 2 =I in that region, as shown in Figure 4-6. The spectrum shown 
in black describes the output when no sample is present. 
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Figure 4-6 Showing the individual transmittance data for the spectra of light (black), a silicon control 
(red) and AN600 sample (green), normalised below 0.75 eV where the layers are transparent to the 
incident light lines up. Sample A\600 was as-deposited at nominal room temperature and subsequently 
annealed at 700 "C. 
The transmittance of the FeSi, layer is then calculated by dividing the transmittance of the 
combine layer T,, . F..,, _ by the transmittance of silicon TS, giving the plot shown in Figure 4-7. 
25x10' 
Normalised light output from 
  No sample (light) 
S" 
Silicon control sample 
2. Oýc10 A Samnlp ANR00 
64 
1.0 12 14 
Photon energy (eV) 
SURREY Chapter 4 Experimental Details 
°' 
1o 
Transmittance of the co-deposited FeSi2 
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Figure 4-7 Showing the normalised transmittance of the deposited FeSi2 layer only, obtained by dividing 
the individual normalised transmittance data for sample AN600 and the Si control sample. 
If a band edge is present, then a region of high transmittance will be observed within the 
transmittance plot, decreasing to approximate zero if the material is highly absorbing. By 
taking the natural logarithm (In) of TFeS; 2 in this region the absorption coefficient `a', as a 
function of energy is then calculated. In the present investigation the absolute values for 
absorption were obtained by dividing the absorption coefficient a by the actual deposition 
thickness of the silicide layer acquired by cross-sectional TEM and RBS analysis, yielding 
spectra typical to the one shown in Figure 4-8 for sample AN600. 
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Figure 4-8 Showing the absolute values for absorption coefficient a as a function of photon energy 
obtained for sample AN600. The result was calculated by taking the natural logarithm (In) if TFC, s'i2 and finally dividing by the thickness of the silicide layer observed from cross-sectional TEM and RBS 
analysis. 
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  an600 
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The nature of the band structure was then interpreted by fitting the absorption coefficient to 
the two equations below, and plotted as a function of energy. 
a(hv) a A(h v- Eg )' 2 for by ? Eg 
Equation 4-9 
a(hv)aA(hv-Eg±Ep)2 for hv>Eg +Ep 
Equation 4-10 
Comparison of the plots with the typical linear features as shown Figure 4-9 a) & b), is then 
performed to determine the layers band structure. For direct natured semiconductors, a single 
linear region on a a' plot represents the on set of fundamental absorption, whereas two linear 
regions presented on a a1 `' plot depicts the phonon emission and absorption for indirect 
natured semiconductors. 
Direct absorption 
uZ 
Photon 
Ft enngv (hv) 
a) 
Indirect absorption 
u12 
1 5O1O' 
1 25.1o" 
1 OOn. c 
O 
43 
E 750.1. ' 
5.00.1 
ä 
C' 2 SWO' 
x 
ýý 
m 
`ý, ' 
D 
Q 
San, M 
  an600 
f 
)' 08 09 10 17 1.: 
Photon Energy (eV) 
Photon 
b enerpr (hv) o, 1 E1 -E, * F, - F; o080.9 t. o 1.1 ,. z 
1I Photon Energy (eV) 
E, 
Figure 4-9 Depicts the features of typical absorption plots for a) a direct band structure material, in 
which linear extrapolation of the linear region to c2 =0 gives the E1e value, b) an indirect band structure 
material. where the E, value is obtained by taking the midpoint of the two linearly extrapolated lines 1671. 
For comparison, the respective experimental results obtained for sample AN600 is shown to the right of 
each plot revealing a direct band structure. 
T2 - Ti Ti 
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Comparison of the experimentally observed results for sample AN600, shows that only the a2 
plot resembles that of the typical plots consisting of a linear region followed by an 
exponential tail. For the a' `' plot, neither of the linear regions representing the indirect photon 
and phonon absorption could be observed. Thus it can be concluded that the deposited FeSi2 
layers has a direct band structure. With the nature of the band structure confirmed, the band 
gap energy Eg value is extracted by linear extrapolation to either a2 =0 for a direct band 
structure, or at'2 =0 for both linear regions for the indirect band structure as depicted in 
Figure 4-9 a& b). 
4.2.4.5. Rutherford backscattering (RBS) 
RBS was used in the present study to determine structural and compositional details in both 
the co-sputtered samples and ion beam mixed structures, before and after irradiation. Details 
of the technique can be found in section 3.3.3 of the theory chapter. The RBS analysis was 
completed using the 2 MV Tandem accelerator at University of Surrey Ion Beam Centre 
[90]. Helium (He 4+) ions were used as the source and accelerated to an energy of 1.5 MeV. 
Two surface barrier detectors at 148.2° and 172.8° scattering angles were placed behind the 
sample stage. Backscattered particles were detected as a charge pulse proportional to their 
energy. This was then converted to a voltage pulse, fed into an ADC and stored in terms of 
number of counts obtained per channel. Depth profiles were then extracted using IBA 
DataFurnace software NDFv9.2 [91,92]. 
4.2.4.6. SRIM Calculations 
Simulations Niere performed using: the Stopping and Range of Ions into Matter (SRIM) 2008 
[74,75,76] to determine the mixing energy required and to calculate details of the average 
projected ion range, R. of Fe ions into the multi-layer structures. The program incorporates 
experimental stopping power data for a large variety of materials and ions. We follow here 
the treatment by Ziegler et al. [93]. Complicated Monte Carlo statistical algorithms examine 
only the collision cascade for many trajectories (as defined by the user). These are followed 
until the ion / recoil atom energy falls below the displacement threshold energy Ed, therefore 
neglecting any influence due to local heating / re-ordering. SRIM assumes that the user- 
defined target is amorphous and that the recoiling atoms only collide with stationary atoms, 
to assure a linear cascade. A 'recoil target atom' is defined with SRIM as one which been 
displaced ('knocked on') from its lattice position via a collision with an energetic incident 
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ion or with another recoiled atom [94]. Given that the simulation follows the resulting 
collision cascades for all ions it is possible to predict the level of ballistic intermixing 
generated by recoiling atoms crossing the interfaces of the constituent layers. The output 
from SRIM displays the data in the form (atoms/cm3)/(atoms/cm2) as a function of depth 
(cm). In order to convert this into units of atomic density (atoms/cm3), the data is multiplied 
by the appropriate fluence (atoms/cm2). All simulations were performed on alternating Fe - 
Si multi-layer structures comprising of 2 to 6 layers with the nominal thicknesses detailed in 
Table 4-1. The layers were deposited in-house via RF magnetron sputtering onto quartz 
substrates. Please note, that the simulation does not account for depletion of atoms after each 
projectile, and assumes the same starting structure for each calculation. Therefore, the 
predicted value of silicidation obtained via SRIM can only be used as a guide. For a more 
accurate prediction of the levels of intermixing between constituent atoms, the author 
recommends further analysis via molecular dynamic simulations. 
4.3. Experimental uncertainty in measurements 
4.3.1. Obtaining absorption coefficient 
The following measures were performed to minimise systematic uncertainties and keep the 
experimental conditions consistent and repeatable. A reduction in intensity can occur after 
the lamp is continuously used for a few hours as efficiency decreases. To minimise these 
effects, the Si control sample used to normalise the data was re-measured after every two 
measurements. Where absolute values of absorption coefficient are shown, the thickness 
measurements obtained by TEM of the silicide were obtained with an accuracy of ±5 nm; 
giving absolute values of absorption coefficient will therefore be described with an 
uncertainty of 2 %. All band gap energy values were obtained by extrapolation using the 
method of least squares through the linear regions of the a2 data. The uncertainty in the result 
are given by the standard deviation o giving the upper and lower limits in the fit, as well as a 
measure of the linearity of the fundamental absorption. 
4.3.2. RBS Uncertainty 
The systematic uncertainties in the values of stopping cross-section, scattering angle and 
beam energy. can all contribute to the overall accuracy of the results. However, due to the 
procedures in place within the system, a number of these factors can be minimised and in 
some cases neglected. For the stopping cross-sections, since it is the ratio of values obtained 
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from a database rather than the stopping cross-section themselves, the uncertainties in 
calculation are therefore as low as 0.1 % (as estimated by Jeynes et al. [95]). For the 
scattering angle, by using two detectors at well defined angles (148.2° and 172.8°), a 
comparison of the results can be used to confirm the reliability in the measurements. It has 
previously been shown that significant deviations in the scattering angle (100) and beam 
energy (50 keV) will only result in changes of 0.25 % and 0.1 %, respectively to the stopping 
cross-section [95]. However, these two parameters are very well defined within the system 
and therefore uncertainties within these parameters can be neglected. Other uncertainties 
within RBS exist in the form of statistical (counting) errors. For all measurements, a 
sufficiently high number of counts were collected to obtain reliable statistics in order to 
reduce these to I% [96]. The RBS technique relies on good fitting of the experimentally 
measured backscattering spectra to extract reliable compositional and depth information. 
Overall, the RBS analysis shown within this thesis has been performed as accurately as 
possible to obtain self-consistent fits for all structures. Accounting for both the systematical 
and random errors discussed within this section, the resulting uncertainty of ±3 % has been 
assigned for all extracted values. 
4.3.3. SRIM Calculation 
In the present study. the number of FeSi2 atoms formed was extracted by totalling the number 
of predicted recoil atoms cross the `user defined' interfaces within each structure. The 
uncertainty in the results is therefore dependent on the number of interfaces present. A 
maximum uncertainty is therefore obtained by totalling the number of recoils within half the 
`bin width' where the interface lies. These are shown in Table 4-3, from which a maximum 
uncertainty of 11% will be given for extracted SRIM predicted value within the thesis. 
ITuceilainty in number 
ofFeSi2 formed in each 
stzuchn-e (°o) 
2 Layers 9.6 
3 Layers 9.7 
4 Layers 10.6 
5 Layers 11.0 
6 Layers 3.9 
Table 4-3 Showing the uncertainty in the number of FeSi2 formed within each multi-layer structure, 
obtained by taking the maximum uncertainty to be half the bin width of the extracted data. 
69 
UNNERSRY OF 
Chapter 5 SURREY Results 
CHAPTER 5 
Results 
5.1. Introduction 
Within this chapter the results of the optical and structural characterisation of amorphous and 
polycrystalline FeSi2 fabricated via two techniques, ion beam sputter deposition (IBSD) and 
ion beam mixing (IBM) will be presented. These will be split into sub sections. All results 
will be shown in a systematic order giving a brief description of the purpose and process 
involved. Transmission electron microscopy (TEM) not undertaken by the author has also 
been used to investigate the samples. Results from these supplementary techniques will be 
included where necessary to compliment the results obtained by the author. A detailed 
analysis of the results presented here will be given in the discussion chapter of the thesis. 
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5.2. Annealing & deposition temperature dependence of 
IBSD layers 
All layers in the present study were synthesised using the IBSD sputtering technique. 
Stoichiometric thin layers of FeSi2 were deposited on silicon (100) to a thickness of 300 nm 
at a deposition rate of 0.7 nm/s. Determination of the optical properties, including the nature 
of the band structure, the band gap energy Eg value and sub-band gap absorption have been 
obtained. Refer to Table 5-1 for details of the samples analysed within the results and 
discussion chapter. 
Sample Deposition 
temperature 
Post anneal 
temperature 
Post anneal 
time (min) 
Thickness 
(nm) 
AN300 N/A 300"C 30 300 
AN400 N/A 400 "C 30 300 
AN500 N/A 500°C 30 300 
AN600 N/A 600 "C 30 300 
AN700 N/A '00°C 30 300 
ADRT 60 OC N/A N/A 300 
AD500 500'C N/A N/A 300 
AD600 600 'C NA N/A 300 
AD-00 -00 °C NA N'A 300 
Table 5-1 Showing a summary of the deposition and annealing conditions, together with the nominal 
thicknesses for all IBSD FeSi2 layers. The sample names comprise of the thermal process, AD for as- 
deposited or AN for annealed samples followed by the temperature in degrees Celsius. 
5.2.1. Deposition temperature dependence 
5.2.1.1. Determining the nature of the band structure 
Following optical transmission measurements, the absorption coefficient a was obtained for 
samples ADRT, AD500, AD600 & AD700. Using the method described in section 4.2.4.4, 
comparisons of the respective absorption coefficient square, a2 and square root a112 plots were 
performed and the nature of the band structure assessed. All plots are shown in Figure 5-1 a- 
h). 
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Figure 5-1 Showing the determination of the band structure by comparison of the absorption coefficient square root 
and squared plots as a function of photon energy between 0.7 - 1.2 eV, for all samples deposited at temperature a- b) 
nominal room temperature (60 'C), c- d) 500 C. e- f) 600"C and g- h) 700 eC 
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Comparing the above figures with the typical spectra plots for indirect and direct band 
structure materials given in section 4.3.4.2, it can be seen that the a112 spectra do not possess 
the two linear absorption regions associated with phonon absorption and emission for indirect 
transitions. It was therefore determined that the dominant absorption process in these samples 
were direct transitions. 
5.2.1.2. Extracting the band gap energy Eg values 
As a consequence of the direct gap behaviour, to extract details on the band gap energy Eg 
values, the a2 plots of each of the as-deposited samples were extrapolated as shown in Figure 
5-2 a- d) for samples all as-deposited samples. Further details on the results will be given in 
the discussion chapter. 
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Figure 52 Shoving the absorption coefficient squared a' as a function of photon energy between 0.7 - 1.2 
e%'. for sample a) ADRT b) AD500 c) AD600 and d) AD700. Shown in red is the extrapolation of the 
linear region to a2 =0 using method of least squares performed in order to extract the band gap energy 
E, values. 
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5.2.1.3. Sub-band gap absorption 
To investigate details regarding the sub-band gap absorption observed throughout the layers, 
the absorption coefficient as a function of photon energy were examined within the sub-band 
gap region and are shown in Figure 5-3 a- d). Verification to determine whether the sub- 
band gap absorption followed the typical Urbach shape was performed for samples AD500, 
AD600 and AD700. 
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Figure 5-3 Showing the absorption coefficient a (cm-1) for sample a) ADRT b) AD500 c) AD600 and d) 
AD700 as a function of photon energy (eV) in the region below the band gap. Verification of an Urbach 
approximated sub-band gap region was performed and shown in red, of which no fit was observed. The 
level of disorder was therefore extracted by integration of the sub-band gap area. 
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5.2.2. Annealing temperature dependence 
5.2.2.1. Determination of the nature of the band structure 
A comparison of the absorption coefficient squared a2 and square root all` for all 
annealed samples are shown in 
Figure 5-4 a- I) in order to determine the nature of the band structure of the deposited 
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Figure 5-4 Showing the comparison of the absorption coefficient squared, a2 and square rooted, a'' plots 
plotted as a function of photon energy between 0.7 - 1.2 eV, for sample a- b) ADRT c -d) AN300 e- f) 
AN400 g- h) AN500 i-j) AN600 and k- 1) AN700. The band structure was determined by examine plots 
for linear regions representing fundamental absorption. 
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5.2.2.2. Extracting the band gap energy Eg values 
The band structures of all the annealed layers were determined to be of a direct nature. To 
extract details on the band gap energy Eg values, the a2 plots of each of the annealed samples 
were extrapolated and are shown in Figure 5-5 b-0. The as-deposited room temperature 
sample ADRT is shown for comparison. Further details on the results will be given in the 
discussion section. 
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Figure 5-5 Showing the absorption coefficient squared as a function of photon energy between 0.7 - 1.2 
eV, for sample a) ADRT b) AN300 c) AN400 d) AN500 e) AN600 and f) AN700. Shown in red is the 
extrapolation of the linear region to a2 =0 using method of least squares performed in order to extract 
the band gap energy ER values. 
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5.2.2.3. Sub-band gap absorption 
To investigate details regarding the sub-band gap absorption observed throughout the layers, 
the absorption coefficient. a spectra as a function of photon energy were examined below the 
band gap. Tests to check whether the sub-band gap absorption followed the typical Urbach 
shape were performed for all annealed lavers. All extraction plots pf the annealed samples 
and sample ADRT are shown in Figure 5-6 a- f). Although not shown, it was clearly evident 
that none of the layers followed this approximation. Subsequent analysis was performed by 
calculating the area under the sub-band gap absorption. The data for the sample as-deposited 
at room temperature (ADRT) is shown for comparison. 
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Figure 5-6 Showing the determination of the level of disorder extracted within sample a) ADRT b) AN300 
c) AN400 d) AN500 e) AN600 and f) AN700, by examination of the area of absorption below the band gap 
energy ER value. The level of disorder was extracted by integration of the sub-band gap area using 
Equation 3-13. 
5.2.3. Measurement temperature dependence at E9 
To examine the temperature dependence of the band gap energy Eg values, all measurements 
were repeated at low temperatures. The plots shown in Figure 5-7 to Figure 5-11 depicts the 
absorption coefficient squared, a` as a of photon energy for all layers measured at 300 K 
down to 80 K. respectively. Details of the results will be given in the discussion chapter. 
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Figure 5-7 Showing a summary of the absorption coefficient squared a2 spectra as a function of photon 
energy between 0.7 - 1.2 eV, for all samples measured at 300 K, to determine the band gap dependence 
on measurement temperature. 
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Figure 5-8 Showing a summary of the absorption coefficient squared a2 spectra as a function of photon 
energy between 0.7 - 1.2 eV, for all samples measured at 240 K, to determine the band gap dependence 
on measurement temperature. 
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Figure 5-9 Showing a summary of the absorption coefficient squared a2 spectra as a function of photon 
energy between 0.7 - 1.2 eV, for all samples measured at 180 K, to determine the band gap dependence 
on measurement temperature. 
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Figure 5-10 Showing summary of the absorption coefficient squared a2 spectra as a function of photon 
energy between 0.7 - 1.2 eV, for all samples measured at 120 K to determine the band gap dependence on 
measurement temperature. 
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Figure 5-11 Showing a summary of the absorption coefficient squared a2 spectra as a function of photon 
energy between 0.7 - 1.2 eV, for all samples measured at 80 K to determine the band gap dependence on 
measurement temperature. 
This concludes the results for the deposition and annealing temperature investigation on all 
ion beam co-sputter deposition layers. Details of the analysis of the results can be within 
section 6.2 of the discussion chapter. 
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5.3. Irradiation parameters dependence of ion beam mixed 
Fe - Si multi-layers 
A presentation of the results from an irradiation parameter study will now be shown. All 
samples in this investigation were synthesised using the ion beam mixing (IBM) of 
alternating Fe - Si multi-layer structures deposited using RF magnetron sputtering onto 
quartz substrates. For ease of reference, a summary of the nominal thicknesses of each of the 
constituent layers are shown in shown in Table 5-2. The samples have been analysed using 
Rutherford backscattering spectroscopy (RBS), to determine the level of silicidation within 
each of the irradiated structures. The optical properties such as the band structure, the band 
gap energy Eg value and absorption have also been measured. For comparisons selected 
results from the simulation and experiments in this investigation will first be given in this 
chapter. 
Fe tldclmess Si thiclatess Total dIiclimess 
(tun) (run) (run) 
2 Layers 30 102 132 
3 Lavers 15x2 102 132 
4 Layers 15x2 51 x2 132 
S layers 10x3 51 x2 132 
6 Layers 10x3 34 x3 132 
Table 5-2 Showing a summary of the nominal thicknesses for each of the structures. All structures 
consisting of alternating Fe - Si multi-layers were deposited by RF magnetron sputtering on to quartz 
substrates, with Fe always as the top layer. 
5.3.1. SRIM calculations and RBS analysis 
5.3.1.1. SRIM calculations 
SRIM calculations were performed using Fe ion energies of 100,150 and 200 keV to 
determine the irradiation energy, the distributions of Fe ions, the average projected ion 
ranges Rp and also details of interfacial intermixing within the Fe - Si multi-layer. Only the 
simulated data plots for the 150 keV irradiations from which the intermixing details were 
extracted, will be displayed here. A table summarising the results for all three energies can be 
found within the appendix. As a reminder, the predicted silicidation obtained from SRIM can 
only be used as a guide. since the calculations do not account for depletion within the starting 
structure. 
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5.3.1.2. Ion distribution and atomic recoil distribution 
A summary of each of the SRIM calculations performed for 150 keV Fe ion irradiations on 
each of the individual structures will be presented individually. Each plot will contain 
information on the Fe ion distribution, together with the atomic recoil distributions for both 
Fe and Si. Only the data for an ion fluence of 5x 1015 at/cm2 will be shown. 
, ES 
SEN 
, F27 
"En 
1F1F 
'E» 
0 15 30 
I Fe I Si I Fe I Quartz Substrate) 
t F. mit O. bib on 
. cu, 
-. - F. r. co dlW b~ 
" SrKy ý, ýy, 1E24 
--t J scoýi oatýdloorý ', 
1E23 
j 1E22 
  
ö 1E21 
ä 
W. Jk 
x, 81 
105 120 135 1SO 165 100 195 210 225 240 
Ds (ý ) a) 
Fe S. 1 F. I S. 1 awtz S. strM 
'E75 
'E2 
'E23 
, E71 
, E, D 
EI. 
1E, 7 
y- F. M 4MOIAOM 
C. .. CO. O., O. W 
S '. FO. m 
z 
w 
' 
fý 
. ,. I 
-. 
0 ý5 70 ý5 60 '5 9C 105 120 13$ ISO 165 '6C :. " 210 
Depth ) 
C) 
Fe ion QsMbubon 
-t- Fe recoil Osbl0MOn 
ý- Si recall Eisblbuoon - 
ý IIIIUMIIIIý o -. I 6, itnbubon 
e r 
vr , 
0 15 30 45 60 75 90 105 120 1; 5'1; 0'165'1; 0'195'21'0'225'24O 
Depth (nm) b 
,v IFel 
Si IFel Si IFel Quartz Substrate 
1E24 
1E23 
T 
IE22 
w 
-E2' 
'E20 
'E19, 
IEi8i 
1117- 
ý-Feion htnDUOon 
- -Fe ecal OabiDubw 
- Si r. -I d. tn". n 
- ý- O recal h t,, b b. 
1O 
... L 
o 
15 30 45 60 75 90 105 120 135'150'165 140 195 210 225 240 
Depth (nm) d) 
, Fel S. IF. S. IFeI S. Q+&U Subftft 
-E 25 
+(24 
tE7! 
It -8 
" 
ý ýý 'te ý 
... 
r 
sx .s 
e0 's iC . OS ]C ' 'i0 , es "! C 'Y 
Dopm (-) e) 
Figure 15-12 Showing a summary of the SRIM calculations 1751 for the irradiation of the a) 2-layer b) 3- 
laver c) 4-layer d) 5-layer and f) 6-layer Fe - Si structures using 150 keV Fe ion, of fluence 5x 1015 
ions/cm2. The plot shows the concentration of Fe ions together with the Fe, Si and 0 atomic recoils. 
Shown for reference. are the positions of each of the constituent layers. 
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5.3.2. Rutherford backscattering spectroscopy (RBS) 
Due to the quantity of the sample set, only a selection of the fitted plots will be shown within 
this chapter. The remainder of the plots can be found within the Appendix 2. All plots will be 
grouped according to process parameters, which are shown in Table 4-2. Each of the spectral 
plots shows the normalised backscattered yield collected from the two surface barrier 
detectors placed at 148.2" and 172.8 scattering angles. 
5.3.2.1. RBS spectra of as-deposited un-irradiated structures 
A selection of the data performed on each of the as-deposited un-irradiated structures prior to 
irradiations will be presented. The data was fitted using the simulated annealing code within 
the IBA DataFurnace [91 ] using the molecules Fe, Si, Fe203 and Si02. A complete set of the 
RBS analyses can be found within Appendix 2. This data will be discussed in detail in 
Chapter 6. 
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Figure 5-13 Showing the normalised RBS spectra of the un-irradiated 2-layer multi-layer structure. 
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Figure 5-14 Showing the normalised RBS spectra of the un-irradiated 3-layer multi-layer structure. 
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Figure 5-15 Showing the normalised RBS spectra of the un-irradiated 4-layer multi-layer structure. 
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Figure 5-16 Showing the normalised RBS spectra of the un-irradiated 5-layer multi-layer structure. 
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Figure 5-17 Showing the normalised RBS spectra of the un-irradiated 6-layer multi-layer structure. 
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5.3.2.1. RBS of Irradiated structures 
As a result of the large sample set, only the structures irradiated using process parameters P3 
will be presented. The data was fitted in a similar fashion to the un-irradiated structures 
except with the addition of the FeSi-2 molecule. A complete set of the RBS analysis can be 
found within the appendix. Further details will be provided within the discussion chapter of 
the thesis. 
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Figure 5-18 Showing the normalised RBS spectra of the 2-layer structure irradiated using process P3. 
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Figure 5-19 Showing the normalised RBS spectra of the 3-layer structure irradiated using process P3. 
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Figure 5-20 Showing the normalised RBS spectra of the 4-layer structure irradiated using process P3. 
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Figure 5-21 Showing the normalised RBS spectra of the 5-layer structure irradiated using process P3. 
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Figure 5-22 Showing the normalised RBS spectra of the (-layer structure irradiated using process P3. 
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5.3.3. Optical analysis of the ion beam mixed Fe - Si multi-layers 
To further investigate the potential fabrication of FeSi2 via ion beam mixing all irradiated 
structures, optical transmission measurements were performed at room temperature to 
determine the nature of the band structure, the band gap energy Eg value absorption within 
the layer A summary of the results grouped in terms of number of irradiated layers, N will be 
presented. Further details can be found within the discussion chapter of the thesis. 
5.3.3.1. Absorption coefficient, a (cm-1) of all irradiated multi-layers 
Presented here are a summary of the extracted absorption coefficients, a as a function of 
photon energy. Details for all irradiated structures were obtained to determine the region of 
the band edge and performed by normalising the transmittance of the un-irradiated TBefo, e 
with the transmittance of irradiated structures TAfre,. The plots are shown for individual layer 
structures. comparing the variation of absorption for each of the applied process parameters 
Pl - P5. 
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Figure 5-23 Showing a summary of the absorption coefficient a (cm-1), as a function of photon energy 
between 0.6 - 1.6 eV, for all 2-layer structures irradiated using process parameters P1 - P5. Data was 
extracted from optical transmission measurements performed at room temperature. 
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Figure 5-24 Showing a summary of the absorption coefficient a (cm-1), as a function of photon energy 
between 0.6 - 1.6 eV, for all 3-layer structures irradiated using process parameters P1 - P5. Data was 
extracted from optical transmission measurements performed at room temperature. 
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Figure 5-25 Showing a summary of the absorption coefficient a (cm-'), as a function of photon energy 
between 0.6 - 1.4 es', for all 4-layer structures irradiated using process parameters P1 - P5. Data was 
extracted from optical transmission measurements performed at room temperature. 
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Figure 5-26 Showing a summary of the absorption coefficient a (cm-1), as a function of photon energy 
between 0.6 - 1.4 eV, for all 5-layer structures irradiated using process parameters P1 - P5. Data was 
extracted from optical transmission measurements performed at room temperature. 
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Figure 5-27 Showing a summary of the absorption coefficient a (cm-1), as a function of photon energy 
between 0.6 - 1.4 e%', for all 6-layer structures irradiated using process parameters P1 - P5. Data was 
extracted from optical transmission measurements performed at room temperature. 
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5.3.3.2. Square root of absorption coefficient, a112 (cm"112) of all 
irradiated multi-layers 
To determine %%hether the irradiated layers possess an indirect band structure, the data was 
fitted as a function of photon energy using the indirect approximation, shown in Equation 5-1 
in order to examine for a linear behaviour upon fundamental absorption. 
a(hv)aA(hv-E, ±E,, )2 for by>EK+Ep 
Equation 5-1 
The following plots are shown for individual layer structures, comparing the variation of 
absorption for each of the applied process parameters P1 - P5. Further details will be 
discussed within the discussion. 
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Figure 5-28 Showing a summary of the square root of absorption coefficient a'n (cm"12), as a function of 
photon energy between 0.6 - 1.8 e%', for all 2-layer structures irradiated using process parameters P1 - 
P5. Data was extracted from optical transmission measurements performed at room temperature. 
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Figure 5-29 Showing a summary of the square root of absorption coefficient a112 (cm-112 ), as a function of 
photon energy between 0.6 - 1.6 eV, for all 3-layer structures irradiated using process parameters P1 - 
P5. Data was extracted from optical transmission measurements performed at room temperature. 
350 
300 
250 
200 
c 
150 
100 
50 
W 
Absorption coefficient'2 
for 4 layer samples 
RT 5e15 
©RT1e16 
200 °C 5e15 
@200°C1e16 
400 °C 1e16 
06 081.0 1.2 
Photon energy (eV) 
1.4 
Figure 5-30 Shoving a summary of the square root of absorption coefficient a'n (cm-"2), as a function of 
photon energy between 0.6 - 1.4 eV', for all 4-layer structures irradiated using process parameters P1 - 
P5. Data Aas extracted from optical transmission measurements performed at room temperature. 
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Figure 5-31 Showing a summary of the square root of absorption coefficient a'n (cm-'n), as a function of 
photon energy between 0.6 - 1.4 eV, for all 5-layer structures irradiated using process parameters P1 - 
P5. Data was extracted from optical transmission measurements performed at room temperature. 
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Figure 5-32 Showing a summary of the square root of absorption coefficient a12 (cm-I'), as a function of 
photon energy between 0.6 - 1.4 eV'. for all 6-layer structures irradiated using process parameters P1 - 
P5. Data was extracted from optical transmission measurements performed at room temperature. 
5.3.3.3. Absorption coefficient squared a2 (cm"2) of all irradiated 
multi-layers 
o determine %%hether the irradiated layers possess an indirect band structure, the data was 
fitted as a function of photon energy using the indirect approximation, shown in Equation 5-1 
in order to examine for a linear behaviour upon fundamental absorption. 
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a(hv) = A(hv- Eg )1 2 for by >_ Eg 
Equation 5-2 
The following plots are shown for individual layer structures, comparing the variation of 
absorption for each of the applied process parameters P1- P5. Upon first inspection, selected 
layers revealed linearity towards the higher photon energies. Subsequent analysis by method 
of least squares was performed to extract details on the band gap energy Eg values, and is 
shown within the appendix. Further details on the results will be given in the discussion 
chapter. 
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Figure S-33 Showing a summary of the absorption coefficient squared a2 (cm, 2), as a function of photon 
energy for between 0.6 - 1.8 eV'. all 2-layer structures irradiated using process parameters P1 - P5. Data 
was extracted from optical transmission measurements performed at room temperature. 
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Figure 5-34 Showing a summary of the absorption coefficient squared a2 (cm-2), as a function of photon 
energy between 0.6 - 1.6 eV, for all 3-layer structures irradiated using process parameters P1 - P5. Data 
was extracted from optical transmission measurements performed at room temperature.. 
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Figure 5-35 Showing a summary of the absorption coefficient squared a2 (cm-2), a function of photon 
energy between 0.6 - 1.4 eV, for all 4-layer structures irradiated using process parameters P1 - P5. Data 
was extracted from optical transmission measurements performed at room temperature. 
8 0x10° 
g 
.. 6 0x10' c 
2f 
c 4.0x10' 
E 
O 
e0 
20x10' 
23 
W 
0.0 
08 07 08 09 10 1 1.2 1.3 1.4 
Photon energy (eV) 
Figure 5-36 Showing a summary of the absorption coefficient squared a2 (cm-Z), as a function of photon 
energy bet een 0.6 - 1.4 eV. for all S-laver structures irradiated using process parameters P1 - P5. Data 
as extracted from optical transmission measurements performed at room temperature. 
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Figure 5-37 Showing a summary of the absorption coefficient squared a2 (cm-'), as a function of photon 
energy between 0.6 - 1.4 eV. for all 6-laver structures irradiated using process parameters P1 - P5. Data 
was extracted from optical transmission measurements performed at room temperature. 
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Discussion 
6.1. Introduction 
In this chapter, the determination of the results from the optical and structural analysis of the 
amorphous and polycrystalline FeSi2 layers presented within chapter 5 will be discussed. The 
aim is to bring together the results in a way that allows a meaningful comparative study. The 
FeSi2 layers fabricated by the two techniques, ion beam sputtering deposition (IBSD) and 
those by ion beam mixing (IBM) will be discussed separately. Transmission electron 
microscopy (TEM) not undertaken by the author but performed in collaboration with this 
project will also be included where necessary to complement the discussion of the optical 
results obtained. 
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6.2. Ion beam sputter deposited (IBSD) FeSi2 layers 
6.2.1. Transmission electron microscopy (TEM) 
A detailed structural characterisation of the ion beam co-sputtered FeSi2 films as a function 
of deposition and annealing temperature was performed by Milosavljevic et al. [51,97] in 
conjunction to the optical characterisation presented in this thesis. The FeSi2 stoichiometries 
of these samples were confirmed by RBS analysis. The crystalline structure was determined 
by cross-sectional TEM analysis and the amorphous and fl-FeSi2 phases were identified by 
electron diffraction. Results of the cross-sectional TEM investigation showed that an 
amorphous structure was observed in samples ADRT, AN300 and AN400. Polycrystalline 
structures were observed for all other samples as-deposited and/or annealed above these 
temperatures. 
Figure 6-1 Showing a bright field cross-sectional TEM image of sample AN400. A featureless layer can be 
seen with a sharp interface with the silicon substrate. The micro-diffraction MD pattern taken from the 
layer is shown in the inset displaying the halo rings typical of an amorphous layer 1511. 
A bright field cross-sectional TEM image of sample AN400 is shown in Figure 6-1. A 
uniform but featureless layer was observed where no contrast changes could be observed by 
sample tilting or dark field imaging. The corresponding MD (micro diffraction) analysis 
shown in the inset confirms the layer to be amorphous with a typical halo ring of an 
amorphous structure being exhibited. Similar images were obtained from samples ADRT and 
AN300 confirming they too are amorphous in structure. 
Samples AD500. AD600 and AD700 layers were seen to grow in the form of polycrystalline 
ß-FeSi2 phase. Figure 6-2 presents the bright and dark field XTEM images of the as- 
98 
UMVERSITV OF 
Chapter 6 SURREY Discussion 
deposited samples AD500 and AD700. respectively. In image a) a columnar structure was 
seen throughout the layer with individual crystal grains stretching from the Si substrate to the 
surface. The inset MD pattern shown in the inset identifies a single ß-FeSi2 grain. In image 
b), it can be seen that for sample AD700, the layers grew with much larger Q-FeSi2 grains. 
The lateral dimensions of the individual grains were up to several hundred nm long with a 
pronounced surface topography. In both cases the structures were relaxed with a 
crystallographic orientation related to the substrate, which resulted from layer by layer 
growth during deposition [51.86.971. As the deposition temperature was increased, the 
orientation from the diffraction pattern from AD700 (not shown), showed a further 
improvements to the epitaxy of the substrate. 
A comparison with the polycrystalline FeSi2 samples annealed at comparable temperatures 
after deposition at room temperature showed very different structural characteristics. These 
samples, which were initially amorphous, crystallised to form polycrystalline films upon 
annealing at 500 - 700 T. This was a bulk diffusion process not influenced by the substrate 
[51 ]. For this reason the FeSi2 retains its amorphous structure after annealing at 400 °C for 30 
minutes. The corresponding cross-sectional bright and dark field TEM images of the 
annealed samples AN500 and AN700 are shown in Figure 6-3 a) and b), respectively. It was 
seen that the layers crystallised in the form of randomly oriented crystal grains of up to a few 
hundred nm. with irregularly shaped grain boundaries. The grains were identified as the 8- 
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of a sample AD700 (deposited at 700 °C). 
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FeSi2 phase with the presence of nano-crystals of the same phase, located within the larger 
grains or at grain boundaries [51]. Figure 6-3 b) depicts a partial lift off (indicated by the 
marker) of the layer from the substrate, which suggests the presence of internal stress within 
the layer building up during crystallisation due to different expansion coefficients of Si and 
ßFeSi, 
Figure 6-3 Showing the cross-sectional TEM analysis of as-deposited FeSi2 films, a) bright field image of 
a sample ANS00 (deposited at 500 `C) and b) dark field image of a sample AN700 (deposited at 700 °C). 
6.2.2. Dependence on deposition and annealing temperature 
To investigate the deposition and annealing temperature effects on the optical properties of 
FeSi2 layers co-sputtered onto Si substrates, photo absorption measurements with the 
equipment in transmission mode were undertaken at room temperature. The two thermal 
regimes will be discussed individually by relating the results to the TEM analysis in order to 
evaluate the influence of the microstructure. 
6.2.2.1. Deposition temperature dependence 
The absorption details for all samples as-deposited at various temperatures were extracted 
using Equation 4-7. and subsequently normalised in the transparent region of both 
semiconductors to account for reflection and scattering losses. Careful examination of the a1/2 
spectra by comparison with the typical spectra plots as described in Figure 4-9, showed that 
the plots did not possess either of the linear dependence in absorption associated with phonon 
absorption and emission for indirect transitions. This confirms that all transitions were 
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confirmed to be momentum conserving, although there is evidence from these spectra plots 
that a high level of sub-band gap absorption exists, which will be discussed later. 
In contrast, each of the a2 spectra plots showed the development of strong linear absorption in 
the high energy region with a power-law dependence of 2. It was therefore determined that 
the dominant absorption mechanisms for all as-deposited samples including ADRT, are 
transitions of a direct nature. Extrapolation of the linearly dependent absorption region was 
subsequently performed to obtain the band gap energy Eg value for all samples. A summary 
of the least squares calculation and details on the band gap energy Eg values for all the 
samples is shown in Table 6-1. 
Sample Deposited rä Bandgap energy a rfr E8 Phase 
temperatw"e ("C) value E, (eN) (cm-1) 
ADRT As-deposited @ 60 0.940 ± 0.006 (direct) 4.03 ± 0.08 x 104 a-Fe8i2 
AD500 As-deposited @ 500 0.930 ± 0.002 (direct) 4.91 ± 0.09 x 10^ ß-FeSi2 (Poly) 
AD600 As-deposited @ 600 0.920±0.001 (direct) 5.10 ± 0.1 x 10° 8-FeSi2 (Poly) 
AD-00 . -U-deposited a '00 
0.391 ± 0.001 (direct) 5.03 ± 0.1 x 104 ß-FeSi2 (Poly) 
Table 6-1 Showing the summary of the extracted optical properties of IBSD co-sputtered samples, 
obtained by extrapolating the fundamental absorption region to c2 = 0. 
Fabrication of FeSi2 layers by co-sputtering with substrates held at different temperatures 
was observed to have a large influence on the optical characteristics for individual layers. 
Figure 6-4 from which the energy values were extrapolated shows a summary of the a2 
spectra plots for all the as-deposited samples. It can be seen that significant improvements, 
particularly in the level of absorption, resulted from depositing at higher temperatures. From 
the structural TEM analysis. it is known that a transition from amorphous to polycrystalline 
/3- phase of the disilicide exists when depositing at temperatures above 200 'C. This is very 
evident within the optical properties with sample ADRT displaying significantly lower 
absorption coefficient at its band gap energy compared to the polycrystalline samples. 
However, for this amorphous sample the observed band gap was direct in nature with an 
energy value of 0.94 ± 0.06 eV, which is within the range of reported a-FeSi2 [8,97] and ß- 
FeSi2 layers [5,361. At the band gap energy sample ADRT (as-deposited at room temperature 
only) exhibited an absorption coefficient of 4.03 x 104 cm-1 which increases to 5.29 x 104 
CM" at I eV. 
101 
U\IVERSm OF 
Chapter 6 SURREY Discussion 
2 00x10 
samples 
c- adRT 
®- ad500 
f- ad600 
0- ad700 
1.75x10" 
1.50x10° 
. y 1.25x10° 
1.00x10' 
ö 
750x10' 
a 
E 
Aüi 
5.00x10' 
250x10' 
000 
07 J8 09 10 1.1 1.2 
Photon energy (eV) 
Figure 6-4 Showing the summary of the a2 spectra plots for all as-deposited (AD) samples shown as a 
function of energy between 0.7 - 1.2 eV. The extrapolation of the fundamental region of absorption are 
also shown to a2 = 0. 
For the samples deposited from 500 'C and above, TEM revealed these samples to be 
polycrystalline of which the micro structure within each layer differed significantly as the 
deposition temperature was increased. Sample AD500 consisted of long and narrow FeSi2 
grains stretching the length of the film of which increasing the deposition temperature saw 
these grains grow in size and quality. Optically. the increase in ß-grain size converts to a shift 
in band gap value towards lower energies as a result of the more relaxed structure. At their 
band gaps, sample AD600 and AD700 exhibits remarkably similar absorption coefficients 
with AD600 absorbing slightly more at 5.10 cm-1. However above the band gap energy value 
at I eV, where many groups have quoted there absorption [98,99,97], sample AD700 absorbs 
approximately 30 % more than that of sample AD600. 
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Figure 6-5 Showing the relationship between the extrapolated direct band gap energy EA values with that 
of the absorption coefficient, a measured at the band gap energy Ex values for each of the as-deposited 
layer. The absorption within the layers was observed to significantly increase upon transition from the 
amorphous phase to polycrystalline phase. 
The trends in the band gap energy Eg values and the absorption coefficient, a at the 
corresponding Eg values plotted as a function of deposition temperature are shown in the 
Figure 6-5. The absorption was seen to increase in relation to a decrease in band gap energy 
value together with the transition of the layer from an amorphous to polycrystalline phase. 
6.2.2.1.1. Sub-band gap absorption dependence 
Absorption of photons belo%% the band gap was observed for all as-deposited layers. The 
results show that the shape of this sub-band absorption for the as-deposited samples varied 
significantly from a linear absorption increasing to a more "exponential" mode with increase 
in deposition temperature. Fitting the data of sample AD500 - 700 with the Urbach equation 
[69] given in Equation 3-12 was unsuccessful so analysis of the tail using Eo and ao 
approximation could not be applied. The level of disorder was therefore obtained by taking 
the integral of absorption below the band gap energy Eg value. 
With the sub-band gap absorption being directly related to the number of defect states 
associated in that region, disorder factor DF. given by the integral of the tail region under 
band gap Eg energy value was calculated as a means of comparing disorder within each layer. 
A summary of this is shown in Table 6-2. 
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As-deposited Disorder factor 
sample DF (eV'. an') 
ADRT 3991 
AD500 2418 
AD600 2316 
AD-00 1 1`>9 
Table 6-2 Showing a summary of the disorder factor DF of the sub-band gap absorption for all as- 
deposited samples obtained via the integral of the tail region under ER. Shown for comparison is the 
extracted details for sample ADRT. 
Sample ADRT showed the largest disorder interpreted by broader spectrum accompanied by 
lower absorption at higher photon energies. Upon phase transition from the amorphous 
phase. the area under the band gap decreases significantly, and when increasing the 
deposition temperature from 500 to 600 narrows the absorption spectra further. Sample 
AD600 exhibited the smallest DF value with 2316 eV/cm-1 and consequently the lowest 
disorder below the band gap. This was also seen optically, where sample AD600 exhibited a 
higher absorption level directly above its band gap. 
6.2.2.2. Annealling temperature dependence 
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Figure 6-6 Showing a summary of the a2 spectra plots for all annealed (AN) shown as a function of 
photon energy between 0.7 - 1.2 eV. The extrapolation of the fundamental region of absorption are also 
shown to a2 = 0. 
A summary of the absorption squared. a2 spectra of the samples as-deposited at room 
temperature with subsequent anenealling from 300 up to 700 'C are shown in Figure 6-6. 
TEM analysis showed that these samples remained amorphous up to an annealing 
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temperature of 400 C with layers possessing comparable featureless structures. Observing 
these samples optically. the clear difference between the amorphous and polycrystalline 
layers is again very evident with samples AN300 and 400 exhibiting comparatively low 
absorption directly above their band gaps. Careful examination showed only a slight 
improvement from annealing at 300 to 400 C. The extrapolated band gap energy values for 
all annealed samples is given in Table 6-3 below. 
Sample Annealed (: ate Bandgap euelg ui Eg Phase 
tempetat we ('C) value E, (e\) (cm-1) 
ADRT As-deposited ým 60 0 940 ± 0.006 (direct) 
4.03 0.08 x 104 a-FeSi2 
AN300 Annealed 300 0.94' ± 0.006 (direct) 3.8' 0.0' x 104 a-FeSil 
AN400 Annealed @ 400 0.943 ± 0.00' (direct) 3.94 0.08 x 10° a-FeSi2 
AN500 Annealed 500 0.930 f 0.006 (direct) 4.45 0.09 x 104 ß-FeSi2 (Poly) 
AN600 Amiealed @ 600 0.928 t 0.00? (direct) 4.52 0.09 x 104 ß-FeSi2 (Poly) 
. kN-00 Amitaled 
ni' -00 0 9_ 5+0.004 (direct) 4.54 0.09 x 104 ß-FeSi2 (Poly) 
Table 6-3 Showing a summary of the optical properties of all the annealed layers from 300 - 700 oC 
detailing the variation of band gap energy ER values, and absorption at their respective band gaps. The 
extracted details for sample ADRT are also shown for comparison. 
The extracted bangdgap energy values for samples AN500, AN600 and AN700 were 0.930, 
0.928 & 0.925 eV, respectively. This independence in optical band gap energy values and 
practically identical absorption characteristics has previously been reported by a number of 
groups [50,42] where it was attributed to a high degree of disorder within the layer. This is 
also true for the annealed layers in the present study, where a recrystallisation from the 
amorphous to the , 8-phase was observed. 
The small decrement of only 0.013 eV in energy values once the layers transform from 
amorphous to polycrystalline 13- phase. suggests that the two phases are closely linked. 
Referring to the cross-sectional TEM images for sample AN500 and AN700 shown in Figure 
6-3, it is evident that apart from slightly less pronounced grain boundaries observed in 
sample AN700, the structure remains somewhat unchanged. Both contain large irregular 
shaped grains of which no influence of the substrate was observed. The suggestion is that 
although the grain boundaries are less pronounced, it is large grains which play the more 
dominant role in the fundamental absorption process and these are not significantly affected 
by the increase in annealing temperature explaining the close similarity of the a2 spectra for 
these samples. 
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The trend in band gap energy Eg value and the extracted absorption coefficient at that energy 
value is shown as a function of deposition energy in Figure 6-7. As observed for the as- 
deposited layers. the absorption within the layers increases upon the transition from 
amorphous to the polycrystalline phase. 
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Figure 6-7 Showing the relationship between the extrapolated direct band gap energy Eg values with that 
of the absorption coefficient a measured at the band gap value for each of the annealed layer between 300 
- 700 °C. The absorption within the 
layers was observed to significantly increase upon transition from the 
amorphous phase to polycrystalline phase. 
6.2.2.2.1. Sub-band gap dependence 
As seen with the as-deposited samples. the sub-band gap absorption of the annealed layers 
did not follow the Urbach model [69]. Therefore the disorder factor, as given by the area 
approximation was again used to verify the level of disorder below the band edge. A 
Summary of the results are shown in Table 6-4. 
Annealed Disorder factor 
sample DF (eV. an 
1) 
. 
DRT 3991 
AN300 33'4 
AN400 3832 
AN500 3'08 
AN600 3502 
AN-00 . 
4632 
Table 6-4 Showing a summars of the disorder factor of the sub-band gap absorption for all annealed 
samples obtained via the integral of the tail region under Eg. The extracted details for sample ADRT are 
also shown for comparison. 
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For all annealed samples, the level of disorder as approximated from the disorder factor DF 
saw only a small decrease upon phase transformation from amorphous and polycrystalline 
layers. From Figure 6-8 it can be seen that below 0.875 eV the polycrystalline samples 
follow a very similar level of absorption to the amorphous layers, which implies that there is 
still a high degree of disorder present and possibly that some of the amorphous phase remains 
un-transformed. 
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Figure 6-8 Showing a summary of the absorption coefficient, a spectra for all annealed samples as a 
function of photon energy between 0.7 - 1.0 eV. 
6.2.2.3 Comparison of annealed with as-deposited samples 
6.2.2.3.1. Amorphous Layers 
The existence of a direct band gap observed between 0.940 to 0.947 eV for all amorphous 
samples. is consistent with that previously reported for a-FeSi2 fabricated by ion beam 
mixing at 300 C by Milosavljevic et al. [8]. In their investigation the band gap energy value 
of 0.88 eV is lower than all IBSD layers obtained here. It is known that the band gap of FeSi2 
in the crysatlline phase is sensitive to process techniques and conditions and this also seems 
the case for the amorphous phase. In regards to the absorption at their appropriate band gaps, 
both techniques absorb in the region of 4x 104 cm-'. This level of absorption at the band gap 
is comparable to the crystalline ß-phase. Comparing these results with those of _102 for Si 
[7], _103 for a-Si: H [7]. -104 for GaAs [24,7] and _105 for CdTe [100], it can be seen that the 
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unprocessed ADRT samples has comparable absorption to GaAs layers at equivalent 
energies above its band gap. 
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Figure 6-9 Showing a summary of the absorption squared, a2 for all amorphous samples as a function of 
photon energy between 0.7 - 1.2 eV. 
For absorption below the band gap, sample ADRT exhibited the highest level of disorder 
with a disorder factor DF of 3991 eV/cm-1. Annealing of this layer sees a gradual decrease in 
disorder as shown in Figure 6-9, which suggest a similar relaxation of the amorphous 
structure as seen by Milosavljevic et al. [ 17] after irradiating their layers with Ar ions. 
6.2.2.3.2. Polycrystalline Layers 
Upon transforming to the polycrystalline phase, it is evident that the deposition temperature 
had a greater influence on the structural and optical properties of FeSi2 layers than the 
annealing temperature. Figure 6-10 below shows a summary of absorption coefficient 
squared, a2 for the as-deposited and annealed samples at 500,600 and 700 'C. It can be seen 
that the annealed samples (shown as solid black symbols) exhibited almost identical 
absorption both above and below the band gap, with only a small improvement in absorption 
with increaing annealing temperature. This should be compared with the as-deposited 
samples. where a significant improvement with each temperature increment was observed. A 
clear difference between the microstucture of the layers as-deposited to those which were 
processed by annealing was observed in TEM shown in Figure 6-2 and 6-3. This was 
attributted to different diffusion mechanisms dominating during growth. For the annealed 
layers, bulk diffusion controlled the re-crystallisation of ß-grains from the initial amorphous 
108 
sü 
RSIýRE 
1 Chapter 6 Discussion 
phase. Since no lattice orientation was present to begin with, any annealing of the layers 
could only result in minor improvements. 
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Figure 6-10 Showing a summary of alpha squared, a2 for the as-deposited (hollow symbols) and annealed 
(solid symbols) samples at 500.600 and 700 C as a function of photon energy between 0.7 -1.2 eV. 
For the as-deposited layers very different optical and structural properties were observed. 
With the substrate held at elevated temperatures the incident Fe and Si atoms have sufficient 
mobility to better align to the substrate and produce more ordered grains. Below the band 
gap, the narrower tail in the absorption spectra exhibited from all the as-deposited samples 
suggest that there is less disorder in that region. Comparing the area measured for each of the 
samples it can be seen that a third more absorption is present in the annealed samples which 
does not increase when annealing at higher temperatures. 
6.2.2.4. Measurement temperature dependence at Eg 
The band gap energy E., %alues for all layers from optical transmission between 80 to 300 K 
were extracted and an attempt to fit their dependence using the Einstein [69] and 
Thermodynamic [711 models. Of the entire set, only samples AD500, AD600 and AD700 
could be fitted using the model, with all other layers exhibiting no dependence on 
measurement temperature. This is attributed to the high degree of disorder within the layers 
especially in the amorphous samples. 
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A summary of the band gap dependence for each of samples AD500, AD600 and AD700 is 
shown in Figure 6-11 to 6-13. as fitted with the Einstein model to obtain the best fit for 
parameters EQ(0). K and BE as described in section 3.2.1.8. 
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Figure 6-11 Showing the band gap energy E1e value dependence on measurement temperature between 0- 
300 K for samples AD500 fitted using the Einstein model 1691. 
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Figure 6-12 Showing the band gap energy Ex value dependence on measurement temperature between 0- 
300 K for samples AD600 fitted using the Einstein model 1691. 
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Figure 6-13 Showing a the band gap energy ER value dependence on measurement temperature between 0 
- 300 K. for samples AD700 fitted using the 
Einstein model 1691. 
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Sample E, (0) f AEp(0) Einstthi temperature Temperature independent 
(eV) OF ± A8E (K) constant K±A. A (1O ) 
AD 500 0.9 52t0.00? -136 ± 19.3 83.1 ± 0.06 
AD600 0.945 t 0.002 322 ± 13.3 50.1 ± 0.03 
AD-00 0.916 0.002 388 ± 20.3 61.8 ± 0.05 
Table 6-5 Showing a summary of the parameters used to fit the Einstein model for measurements 
temperature dependence for samples AD500, AD600 and AD700. 
A summary of the parameters used to fit the Einstein model are given below in Table 6-5, it 
can be seen that both the Einstein and temperature independent constant K is the lowest for 
sample AD600. In order to compare the band gap dependence with published results, 
parameters for the three parameter thermodynamic model will be derived from the previous 
results using the relationship described in section 3.2.1.8. These parameters are shown in 
Table 6-6. 
Sample E, (0) f AEQ(0) Electron - phonon coupling 
Average phonon energy 
(eV) constant (S) ± A(S) <tej:: > ± A-: h > (me`') 
AD500 0.952±0.002 1.11±0.04 3-7.6:: L 0.02 
AD600 0.945 ± 0.002 0.90 ± 0.03 27.7 t 0.02 
AD700 0.916 ± 0.002 0.92 ± 0.06 33.4 f 0.03 
Table 6-6 Showing a summary of the three parameter thermodynamic model 1711 of measurement 
dependence on the band gap derived from parameters obtained from Einstein model 1691 for samples 
AD500, AD600 and AD700. 
Comparing the parameters to other electron-phonon coupling constants observed for FeSi2 
found within literature [71.4,11 ] shows that the band gap at absolute zero temperature Eg(O) 
is higher in the present study. It is known that the band structure of ß-FeSi2 is sensitive to 
fabrication techniques and conditions. For the dimensionless electron - phonon coupling 
constant S, the decrease from AD500 to AD600 was attributed to improvements in the 
microstructure (number of defects) within the layers. However the close proximity between 
depositing at 600 and 700 
'C coincides with that seen for the sub-band gap absorption 
between the two samples. Values for the average phonon energy <hw> again confirm this 
with a small reduction which implies only slight structural changes within the layer. 
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6.2.3. Summary of discussion on ion beam sputter deposited 
(IBSD) layers 
6.2.3.1. Amorphous layers 
" Transmission electron microscopy (F1 M) analysis of the layers show a transition from 
amorphous to polycrystalline p3-phase occurs when annealing at 500 .C and above or as- 
deposited with the substrate held above 200 C. 
" All amorphous layers. both as-deposited and annealed exhibited direct band gaps between 
0.94 - 0.947 ± 0.006 eV. with an absorption of approximately 4x 104 cm-1 in that region. 
" The highest levels of disorder were observed within the amorphous samples. 
6.2.3.2. Polycrystalline layers 
6.2.3.2.1. Deposition temperature dependence 
" Deposition temperature exhibits a greater influence on the optical and structural 
properties of co-sputtered layers than the annealing temperature. 
"A direct band gap was observed for all layers of which the energy values were seen to 
decrease from 0.93 to 0.897 eV as the deposition temperature was increased. 
" Layers consisted of long grains stretching from the substrate to the surface. 
" The lowest sub-band gap was observed within these layers, of which sample AD600 was 
interpreted to exhibit the least disorder. 
"A measurement temperature dependence of the band gap was only seen for samples 
deposited between 500 - 700 °C, of which both were fitted by the Einstein and three 
parameter thermodynamic models. Results suggest that the electron - phonon interaction 
within the layers decrease with decreasing measuring temperature. 
6.2.3.2.2. Annealing temperature dependence 
. t)nk small variations \\cre observed in both structural and optical properties of samples 
annealed at various temperatures due to the high level of disorder present. 
"A direct band gap was observed for all layers of which the energy values were seen to 
decrease from 0.925 to 0.930 eV decreasing only slightly as the annealing temperature 
%ý as increased. 
"l lie re-crystallisation from the amorphous phase resulted in large irregular shaped grains 
not influenced by the silicon substrate. 
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. No measurement temperature dependence was observed for the band gap energy in these 
layers due to the large grains dominating fundamental absorption process. 
6.3. Ion beam mixing of Fe - Si multi-layers 
6.3.1. SRIM calculations 
Simulations %,, ere performed using: stopping and range of ions into matter (SRIM) 2008 
[74,751. Initial calculations were performed prior to irradiations to determine the mixing 
energy required and to calculate details on the average projected ion range, RP, of Fe ions into 
the multi-layer structures described within the experimental details chapter. Additional 
calculations were performed to include a Fe203 layer within the top layer of the surface Fe, in 
all structures and will be discussed where appropriate. 
6.3.1.1. Selecting irradiation energy 100,150 or 200 keV? 
In the present case for mixing live different multi-layer structures each containing multiple 
interfaces, a single ion beam energy was chosen to irradiate all multi-layer structures, 
therefore positioning R,, at different depths. The average projected ion range RP in SRIM is 
defined as the absolute mean value at which the implanted ions are positioned within the 
target material. The parameter gives a measure of the average depth of penetration and is 
important especially for ion beam mixing when deciding the position of Rp in relation to the 
layer interfaces. For mixing of bilayer Fe - Si structures, it has been reported that an increase 
of the mixing rate can be achieved by placing the average projected range of the mixing ion 
approximately 20 nm beyond the substrate interface [8]. This is in order to place to 
maximum nuclear damage directly within the interface region. Similarly, in the present 
study. SKIM calculations were performed to determine the ion energy needed to place Rp in 
front of the substrate. however beyond the second of the Fe / Si interfaces. Three different 
ion energies of 100.150 and 200 keV were investigated within SRIM. Each simulation was 
performed using 10.000 ion trajectories to obtain reliable statistics. The average projected ion 
ranges Rp. for all structures are presented schematically in Figure 6-14. The schematic shows 
the average projected ion range Rp for energies 100.150 and 200 keV all fall at a depth 
within the deposited Fe and Si layers. The variation in Rp values for the 3 and 4 layer 
structures can be accounted for by the difference in energy straggle ORp seen. At the lower 
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irradiation energy of 100 keV. the peaks of the incident Fe ions fall approximately mid-way 
through the multi-layer around the second interface. 
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Figure 6-14 Showing a schematic of the Fe - Si multi-layer structures together with the average projected 
ion range R,, depths of 100,150 and 200 keV Fe ions obtained from SRIM 1741. 
The total energy deposited to the recoiling (Fe, Si and 0) atoms was predicted to be 86 - 87 
keV/ion. The majority of this dissipated into the Fe interface layer (especially for the 2-layer 
structure). The 0 recoils within the substrate absorb only 60 -71 eV/ion and results in the 
lowest number of 0 recoils into the multi-layer out of the three simulates energies, as shown 
in Figure 6-15. It can be seen that the number of 0 recoils mixing into the multi-layer 
increases with irradiation energy. When simulating using an irradiating higher energy of 150 
keV, the average projected range of Fe ions locate deeper into the multi-layer structure, 
between the second or third Fe / Si interface (except for the 2-layer structure). The total 
energy deposited to recoiling atoms increased to 124 keV/ion. A more even distribution of 
this energy is spread between the Fe and Si recoils, however the 0 recoils at the surface of 
the substrate absorbed 3 keV/ion of this energy, which is expected to result in diffusion of 0 
atoms into the irradiated layer. Increasing the irradiation energy further to 200 keV, results in 
R,, locating again further into the multi-layer, bringing it close to the surface of the quartz 
substrate. Here the total energy deposited to recoils increased to 160 keV/ion, with an even 
spread throughout the multi-layer. However due to the increased ARP a greater number of 
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ions penetrate into the substrate, thus increasing the energy deposited to 0 recoils to 13.4 - 
14.3 keV/ion, resulting in a highest number of 0 recoils into the multi-layer out of the three 
energies. 
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Figure 6-I' Showing the t pica) increase of 0 recoils intermixing due to an increase in irradiation energy 
observed for all structures. In the present case we have shown the 4 -layer structure as an example. Data 
was extracted from SRINI calculations using Fe ions for irradiation. 
In summary the simulation of the three ion energies showed that increasing of the ion energy 
resulted in Ri, penetrating deeper into the multi-layer, along with a broadening of the straggle, 
M,,. It was decided that an irradiation energy of 150 keV would sufficiently mix the multi- 
layer structures based on the details of Rp and total deposited energy to recoils while allowing 
minimal intermixing of the substrate. 
6.3.1.2. Theoretical mixing calculation based on recoils 
Io further in% estigate details of irradiation the multi-layer structures using 150 keV Fe ions, 
details of the mixing were extracted from the data . The calculations only account for ballistic 
parameters such as atomic mass and density and therefore, do not account for any mixing due 
to the local heating or thermally activated diffusion. The silicidation between Fe -Si layers 
due to ballistic parameters can be approximated by applying the assumption that every 
recoiling atom which crosses the interface into the opposing layer, together with every 
implanted Fe ion residing within the Si layer, nucleates to form a FeSi2 molecule. These 
calculations were performed for all the multi-layer structures and a summary of the results 
for calculations obtained using 150 keV Fe ions at the doses of 5x 10'5 and 1x 1016 at/cm2 
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are shown in Table 6-7. Results are given in thin film units (1 TFU =Ix 1015 at/cm2). All 
calculations were followed for 10,000 ion trajectories. As a reminder, the predicted 
silicidation obtained from SRIM can only be used as a guide, since the calculations do not 
account for depletion within the starting structure. 
Total FrSk obtained from SRINI 
d5%10L, Wn Is1016 
(M) (ml) 
2 Laven '1 110 
3 Layers 103 206 
4 Layers 280 560 
5 Layers 265 530 
6 Layers 322 64 
Table 6-7 Showing the FeSi: TFU contributions calculated from Fe and Si atomic recoils crossing the 
interface into the opposing layer. Calculations assume mixing occurs at absolute 0 K, and account for 
ballistic parameters only. 
The calculations show a linear dependency in which the number of atoms recoiling into the 
opposing interface doubles upon increasing the mixing fluence from 5x 1015 to 1x 1016 Fe 
at/cm2 in all cases. Results also revealed that the number of atoms recoiling into the opposing 
layer increases with the number of irradiated layers, N. Since atomic intermixing takes place 
predominantly in the vicinity of the interface regions, therefore it is more suitable to attribute 
the increase of atomic recoils within the opposing layer to the increase of interfaces present 
within the structure. It is suggested from simulations, that a slight increase in silicidation will 
result upon irradiation of the 4-layer structures, where Rp is located within the proximity of 
the final Fe interface. For the 5-layer structure a slight decrease is observed as Rp penetrates 
further towards the substrate before increasing again for irradiation of the 6-layer structure 
where the highest degree of silicidation is projected. An average of 4 atoms will also be 
sputtered from the structure per trajectory and thus decreasing the level of silicidation due to 
a within the atomic ratios. 
6.3.2. Experimentally observed findings 
6.3.2.1. Rutherford backscattering spectroscopy (RBS) Analysis 
RBS analysis was performed both before and after ion beam mixing of all samples, to 
determine details of the composition. and possible mixing of the ion beam mixed layers. As a 
reference, irradiation parameters used for mixing are detailed in Table 6-8. A comparative 
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study of the raw RBS spectra describing the visible effects of atomic intermixing will be 
discussed. In addition, the depth profiles obtained from fits using the IBA DataFurnace 
software code. NDFv9.2 [921. will be used to extracted quantitative details of the FeSi2 
content observed within each multi-layer. Confirmation of the phase formed within the ion 
beam mixed layers will be made by using optical transmission measurements to determine 
the existence ofan appropriate band edge. 
Process Temperature 
((') 
Enerp 
(keß) 
Fluence 
(st/cm=) 
N lixing ion 
f'I RT (80) 150 5x 11, Fe 
P. RT (80) 150 1x lu Fe 
P3 200 150 5x 10" Fe 
P4 200 150 1x 101° Fe 
Pe IIHý I"0 Ix I0'' Fe 
Table 6-8 Shoring the details of the irradiation parameters used to mix each of the multi-layer 
structures. All irradiations were performed using 150 keV Fe ions, varying the fluence rate and also the 
irradiation temperature. 
6.3.2.2. RBS spectral fitting 
To obtain informati'e depth profiles, the sample structure was represented in terms of logical 
elements in order to incorporate chemical information about the sample as was first 
recommended by Butler et al. [ 101 ]. These logical elements are the constituent molecules as 
well as free Fe and Si: however free oxygen was not permitted. This holds a number of 
advantages. Using molecules as logical elements allows the light elements, to which RBS is 
not so sensitive, to be correlated to the heavy elements. This can dramatically reduce the 
uncertainty of the fitting as shown by Jeynes et al. [ 102] for complex optical multi-layers. 
Moreover, since compound densities (in g/cm3) are usually completely different from linear 
combinations of elemental densities, and since compound densities can be inputted, the 
actual thickness measurements can be realistically and accurately converted from mass per 
unit area to thicknesses in nanometers (nm). 
By representing the depth profile in terms of five logical elements as opposed to allowing 
only free Fe. Si and 0. redundancies within the representation can arise. To minimise these, 
the following rational assumptions were imposed to obtain reliable fitting results. Firstly, 
only three of the five logical elements were allowed at most in any layer. Either Fe or Si 
could be present in the given layer as a free element, but not both, and if an oxide is required 
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it is of either Fe or Si but not both. Lastly, due to the characteristics of ion beam mixing at 
the interface, a pure silicide (FeSi2) layer must be present between the original Fe / Si so that 
free Fe and Si cannot neighbour one another. Representing the mixed layer in this logical 
way allows ambiguity regarding complex structures to be reduced. The fitted RBS spectra 
for all layers are shown in the results section. Excellent fits were achieved for all samples 
showing substantial, although not complete, intermixing between the iron and silicon layers. 
Traces of iron (Fe) were found within the silica substrate in all samples, believed to be 
present as free Fe and not as FeSi2 because fitting with the silicide resulted in noticeable 
misfits. 
6.3.2.3. Extracted details from the RBS of un-irradiated structures 
The results of'the R13S anale sis for all pre-mixed samples revealed an unexpected iron oxide 
(Fe2O3) layer present only within the top Fe layer. All buried level Fe layers within the multi 
layered structures were seen to be pure. Oxidation subsequent to deposition was must have 
contributed to this. consuming a fraction of the Fe atoms required for silicidation. Initial fits 
were obtained by fitting Fe. Si02. the surface oxide (Fe2O3) and also a small percentage of Ar 
to each Si layer (Si 99 Ar 1) as incorporated during the sputtering process. Shown in Table 
6-9 are the extracted total thicknesses of the multi layers for each of the structures before and 
after irradiation at their respective processes. 
Proem P1 Process P2 Process P3 Process P4 ProcessP5 
Before Ater Before After Before After Before After Before After 
tern' rr.: ` zrý ran) nm) (ý) (nm) (run) Cron) 
: AyerS : 2838 : 2433" 122t? ö ! 1±36 123±37 127±38 121±36 
3tmym , 21 : 3. . 
253' : 2413' : 22±36 222±3.6 123±3.7 127±38 128±38 
4L. iya 128x38 128x38 128137 129139 126*38 123±36 124137 125±3.7 128±3.8 121±3.6 
Sys  =38 ? 'f : 26±38 128±3 121±36 127±38 128±38 121±36 
; 25 : z' ±36 124±3 120±36 126±37 125±37 124±37 
Table 6-9 Showing a summary of the total thicknesses of the structures before and after irradiation, at 
each of the process conditions. A maximum uncertainty of 3% is shown for all thicknesses which were 
obtained using the bulk atomic densities of Fe. Si, SiO2, Fe203 and a-FeSi2 (8.48,4.98,4.52,5.97 and 7.95 
X10 2at/cm'). respecti'. eh. 
A comparison of the extracted thicknesses from the depth profiles before and after irradiation 
showed good agreement with all structures falling within the estimated 3% uncertainty 
derived from consideration of the internal consistency of the data. Since there should be a 
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conservation of mass between the structures before and after irradiation, we can therefore 
confirm the successful fitting of the RBS data. 
As a result of the surface oxide observed within all un-irradiated structures, all SRIM 
calculations were repeated with 30 % of the surface Fe layer consumed with Fe203. Using the 
simulation for the 4-layer structure as an example, we see that the 0 atoms within the Fe203 
layer have intermixed evenly throughout the multi-layer as a result of ballistic collisions, as 
shown in Figure 6-16. We extracted the number of 0 atoms within the layers and found that 
the 2-layer structures contained the highest atomic concentration of 1.4 %, decreasing to 0.76 
% for the 3- and 4-layer structures and finally 0.4 % for the 5- and 6-layer structures. 
Fe2031Fel 
1E25r - 
1E24- 
1E23- 
1E22- 
1E21- 
T E 1E20 
Ü 1E191 
1E1B 
lE17 
0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 
Depth (nm) 
Si I Fe I Si I Quartz Substrate 
-a- Fe ion distribution oft "- Fe recoil distribution 
A Si recoil distribution 
f- 0 recoil distribution 
" 
" 
" 
ºý v 
ýG ""T" Y"" 9U 
" 0000 
Figure 6-16 Showing the SRIM calculations for the irradiation of the 4-layer Fe - Si multilayer with the 
addition of a Fe; 03 consuming a third of the top Fe layer with 150 keV Fe ion of fluence 5x 101; ions/cm2. 
The plot shows the concentration of Fe ions together with the Fe, Si and 0 recoils. Shown for reference 
are the interface positions. 
The predicted average projected ion range Rp and levels of silicidation due to recoiling atoms 
crossing the interface were also extracted for all structures with Fe203 atoms, and were 
compared with previous results without the oxide. The results can be found in Table 6-10. 
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With out a Fe203 layer present 
Projected 150 keV Fe ions 
ion range r18,5x 101, 
R. (inn) (TFCT) 
%%itlh a Fe203 layer present 
Projected 150 keV Fe ions 
ion lange (! 1 Sx 1013 
Rr (nm) (TFLT) 
2Layers 35.6 55±6.0 94. ' 41±3.5 
3 Layers 98.6 103±11.3 103.6 101±11.1 
4 Layers 90.3 230 ± 30.8 94.8 297 ± 32.4 
5 Layers 9'. 2 265 ± 29.2 99.1 27170 ± 29.1 
6 Layers 91.7 322 ± 35.4 94.6 320 ± 34.6 
Table 6-10 Showing a comparison of the average projected ion range RR, and expected silicidation 
obtained from SRIM calculations for irradiation of structures with and without 30 % of the top Fe layer 
consumed by Fe203. 
SRIM predicts that the additional Fe203 atoms result in only small variations within Rp 
values. For all structures, these were expected to shift towards the substrate with the largest 
increase of approximately 10 nm for the 2-layer structures. Only small variations were also 
predicted for silicidation due to Fe and Si recoils, with only a2% difference between layers 
with and without the oxide. 
We will now discuss the extracted results from the experimental irradiations of all multi- 
layer structures. To quantify the silicidation process, a percentage was calculated by 
determining the theoretical maximum FeSi2 TFU possible from un-irradiated layers (taking 
into account only the number of free Fe atoms available for mixing) and the actual quantity 
of FeSi2 observed within their respective mixed layer. Table 6-11 details the extracted 
results for each of the structures at all processes conditions. 
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Prvices No. of Fsperto: utalb observed Täeoredcalmwdman Perrentapr of FeSii 
pt wwwr triadisued no. of atom in irradwsrd no. of FeSjg accounting ßr foamed, accounting 
pyea, N : uvctme 0 bound aoatm for 0 bound itor, 
FeSk (lFUs) Total (7FUs) (IFib) ('"'%) 
P1 2Layas 127: 38 723: 217 5603168 227±1.4 
3 Layas 169: 51 719±216 511±15.3 33 lt20 
4 L. ym 302 *90 703 * 21 1 593* ITS 5 1.0 t 3.1 
5 Gyas 358 s 10 8 686: 206 530 t 15 9 67 7t4.1 
6 Layers 464: 13 9 685 * 20 6 604 t 18 1 76.9+4.6 
P2 2Loyal 182: 55 720*216 553±166 329*20 
3 Layas 250: 7 5 697 ± 209 543 * 16.3 46.1 t 2.8 
4L yes 440: 13 2 706 t 21 2 594 t 17 8 74 1*4.4 
5 Layers 486 ± 14.6 673 ± 206 522 * 15.7 93.215.6 
6Layers 528* 15.9 652* 19.6 619* 18.6 85 5* 5.1 
P3 2 Layers 163: 4 9 7203 21 6 557 * 167 29 31 1.8 
3L. y i 192*58 729: 219 519± 15.6 37.0122 
4 Layers 502: 15 1 723 3 21 7 588 * 177 85.4 t 5.1 
S Layers 435: 13.1 700 3 21 0 528 * 15.8 82.5 f 5.0 
6Layers 523* 157 656* 197 598± 179 875*53 
P4 2 Layers 114: 34 735: 22 0 551 3 16.5 20 8*1.2 
3 Layers 172* 51 734 * 22 0 527 t 15.8 32.6 *20 
4Layers 414*124 706*212 593*178 698*4.2 
5 Layers 438* 13.2 784: 20 3 528 * 15.8 83.1 * 5.0 
6 Layers 492: 14 8 652 3 196 593 f 17 8 82 9* 5.0 
PS 2 Lsyas 172: 51 705 t 21 2 535 3 161 32.9± 20 
3 Layers 231: 69 706: 21 2 486 3 14.6 47.5 *29 
4Layi 474: 142 716*215 534316.0 88.915.3 
5Layes 476*143 682±205 516±15.5 92.4±5.5 
6 Lavers 506: 15 2 678 * 20 3 568 3 17 0 95 2t5.7 
Table 6-I1 Shoeing the details of the atomic distributions extracted from the fitted RBS depth profile 
plots. Thicknesses are in "thin film units" (TFt', where I TFU = 10" atoms/cm2). Details are given for all 
structures irradiated at each process condition describing the theoretical and actual number of FeSiz 
atoms extracted from the irradiated structures. A percentage of silicidation due to irradiation is also 
given. 
The results show that substantial intermixing arises between the multi-layers upon 
irradiation, in which the level of silicidation varies with the ion fluence, the ion temperature 
and also the number of lavers within the irradiated structure. The initial comparison of the 
extracted results and RBS spectra showed that the structures irradiated using P4, (200 °C 
with 150 keV Ix 1016 Fe at/cm2) resulted in rather low levels of silicidation. Since the RBS 
of the un-irradiated structure revealed consistent quantities of Fe and Si, it is thought that a 
problem with the irradiation may have occurred. With the silicidation increasing with number 
of layers irradiated. we know intermixing has taken place. However it is thought that the 
fluence may not be the specified Ix 1016 ion/cm 2, because no Si control samples was used 
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within this study to confirm the irradiation fluence. As a result, structures irradiated using P4 
will not be discussed. 
6.3.2.3.1 Mixing mechanism 
For ion beam mixing, the atomic transport effects due to the irradiation are best illustrated by 
comparing the individual RBS spectra and their respective depth profiles. This was 
performed for structures irradiated with process Pl. P2 and P3 and can be found within the 
Appendix 3&4. Figure 6-17 shows the RBS spectra for the 2 layer structures, before 
irradiation, and those irradiated using process Pl ("RT" 80 °C) and P3 (200 °C). Within these 
layers the lowest levels of silicidation of 22.7 ± 1.4 and 29.3 ± 1.8 %, respectively. The 
individual RBS spectra have been normalised and displayed between channel 180 and 340 to 
highlight the intermixing between the constituent layers. The signals for the quartz substrate 
are therefore only partially shown, however good fits were obtained using the Si02 molecule 
as part of the analysis. 
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Figure 6-17 Showing the RBS spectra and depth profiles for the 2-layer structures a) before mixing 
(black) and mixed using 5a 10" Fe at/cm' irradiated b) at nominal room temperature (red) and c) 200 °C 
(blue). the respecti,. e depth profiles are sho%n in the inset. 
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From the plot, we see that intermixing occurs upon irradiation as interpreted by the decrease 
in the maximum heights of both the Fe and Si signals and a tail at the lower energy edge of 
the signal. Comparing the depth profiles shown in Figure 6-17 a) and b) we see that the 
silicide layer forms due to the Fe atoms mixing into the Si layer. If we now look at Figure 
6-18 showing the structures of a) the 3- and b) the 5-layer structures before and after 
irradiated using process Pl, we see again it is the Fe atoms intermixing into the Si confirming 
the strong dominance of ballistic mixing mechanism for the Fe - Si multi layers. 
Previously, it was reported that the dominating process assigned to the formation of a-FeSi2 
by ion beam mixing of Fe-Si bi-layers is the diffusion of Si atoms through the Fe layer [16]. 
However, this does not seem the case within these multi-layer structures, since subsequent 
increase of the irradiation temperature or fluence, sees the silicide remain predominantly 
within the Si layer, although enhanced. In the present case, the silicidation is seen to behave 
as it would with thermally induced reactions within Fe - Si bi-layer structures, however at 
much lower temperatures. In thermal processing, the silicidation is a two stage process 
whereby a mono-silicide (FeSi) initially forms between 400 - 450 °C, followed by the 
nucleation of the disilicide (FeSi2) at higher temperatures via Si transport through the FeSi. 
Within the present study, the resulting silicidation within the Si layer seems consistent as the 
strong mixing of Fe atoms induced by ballistic parameters, could be sufficient to form the 
monosilicide even at "RT". The formation of the subsequent disilicide is therefore assigned 
to the diffusion of Si atoms, which maybe enhanced by external factors. 
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Figure 6-18 SboNing the un-irradiated and process P1 irradiated depth profiles of a) the 3-layer and b) 
the 4-layer structures. 
6.3.2.3.2 Silicidation enhancement 
We presiouslý sho%%ed in Figure 6-17 the RBS spectra of the 2-layer structure irradiated 
using P1, and briefly described the regions of intermixing. Returning to that figure we see 
that upon irradiation with process P3, the level of silicidation is enhanced due to the elevated 
irradiation temperature. Similar increases were also observed upon comparison of all 
structures irradiated at these processes, as is shown in Figure 6-19 for the 4-layer structures. 
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Figure 6-19 5ho"ing the RBS spectra and depth profiles for the 2-layer structures a) before mixing 
(black) and mixed using 5x 10" Fe at/cm' irradiated b) at nominal room temperature (red) and c) 200 °C 
(blue) . The respective 
depth profiles are shown in the inset. 
Within this structure. the decrease in peak heights of each constituent layers signals is 
significantly larger and more uniform throughout. When two Si layers are present, inter- 
diffusion becomes more evident. Combining this with an increase of backscattered counts in 
the region between the constituent Fe and Si layers, we see that a significant increase of 
intermixing has occurred. Each spectrum also shows two Ar signals coinciding with the 
additional Si layer within this multi-layer structure. This is consistent with Ar atoms being 
incorporated in the Si layers during deposition, but not the (metallic) Fe layers. 
Comparing the depth profiles in Figure 6-19 b& c). the irradiation at the increased 
temperature of 200 °C has introduced almost complete intermixing of Fe and Si atoms within 
the region of the buried Fe laver. apart from the atoms bound to oxygen. This heavy inter- 
diffusion is thought to coincide with the placement of Rp within this region, therefore giving 
the atoms at the interface extra mobility. We now show in Figure 6-20 the 6-layer structures 
in which the highest levels of total silicidation were observed. From the RBS spectra, we see 
that irradiation of thinner Fe and Si layers can introduce a significant level of intermixing 
even at "RT'. Upon increasing the irradiation temperature to 200 °C, the enhancement of 
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intermixing within the layers is still evident, however the RBS shows that it is not as obvious 
compared to previously shown structures. Looking at the depth profiles plots, the extra 
thermal energy allows complete silicidation of free Fe and Si atoms at the deeper of the two 
buried Fe layers. which is again within the region of R. 
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Figure 6-20 Showing the RBS spectra and depth profiles for the 6-layer structures a) before mixing 
(black) and mixed using äx 10" Fe at/cm2 irradiated b) at nominal room temperature (red) and c) 200 
°C 
(blue). 
Figure 6-21 shows a summary of the silicidation (total number of FeSi2 molecules within the 
multi-layer) obtained from irradiating using 150 keV. 5x 10j5 ions/cm2 Fe ions, process PI 
(black), process P2 (red). the predicted contribution of silicidation via ballistic recoils 
obtained from new SRIM calculations (green) and the maximum theoretical silicidation 
(blue) where this represents the result of all the available Fe atoms (that is, excluding those 
within the oxide) being silicided. 
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Figure 6-21 Showing a summary of the total level of silicidation obtained from irradiation of the Fe - Si 
multi-layer structures using 150 keV, 5x 10'5 ions/cmz Fe ions, at nominal room temperature (black), 200 
°C (red), the predicted contribution of ballistic recoils obtained from SRIM calculations (green) and the 
"theoretical" maximum number of FeSi2 possible from each un-irradiated structure (blue). The 
uncertainties for of the extracted values from RBS and SRIM calculations are given as ±3% and ± 11 
respective[-*. 
The predicted contribution from SRIM calculations were consistently lower than 
experimentally observed results for all structures, as expected, since SRIM calculations are 
for irradiations at absolute 0K which purely depend on ballistic parameters. The 
enhancement of silicidation is therefore attributed to the additional thermal energy of 
irradiating at "RT" as the extra thermal energy is known to promote intermixing. 
Comparing the irradiations at 200 °C, we see a similar trend where both SRIM and 
experimental results predict a peak in the level of silicidation upon irradiation of the 4-layer 
structure. This coincides with the comparatively thick 15 nm buried Fe layer at its centre, 
interfacing with Si layers on both sides. The similarity between these results shows again the 
dominance of ballistic mixing within these Fe - Si structures. The similarities in 
experimental and predicted trends show that the ballistic collisions play a major role in the 
silicidation process. The irradiation temperature therefore is seen to be a secondary effect, 
enhancing the ballistic induced inter-diffusion process by a combination of thermal and 
radiation enhanced effects. 
We have shown in Figure 6-21 the theoretical maximum silicidation which would occur on 
the conditions that all Fe atoms within the un-irradiated structure were available for mixing 
(i. e. not bound to oxygen atoms) and they silicided to formed FeSi2. Experimentally, we see 
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that no structure has completely silicided however, the irradiations of the 4-, 5- and 6-layer 
structures at the higher temperature of 200 °C show a similar behaviour to the maximum 
predicted values; consistent with an increased diffusion length within the irradiated structure 
and suggesting a saturation of the intermixing. It is also noted, that the sputtering of target 
atoms from the starting structure may also contribute to the maximum silicidation not being 
reached. However, analysis of the RBS showed that the effect of the 0 recoils had a stronger 
influence. 
From RBS, it is known that a substantial quantity of 0 atoms have been incorporated upon 
irradiation which therefore reduces the number of Fe atoms available for silicidation. Figure 
6-19 b) and Figure 6-20 (4- and 6-layer structures) shows free Fe and Si are present within 
the structures which could intermix to form FeSi2. In between the layers we see that high 
concentrations of 0 atoms are also present particularly within the Si layers. This suggests a 
dynamic effect where the oxide inhibits further mixing between the constituent layers. 
Previously a similar inhibition was described while synthesising Ti silicide by ion beam 
mixing in which the 'recoil' 0 atoms penetrating into the Si caused non-uniform silicidation 
at the interface due to surface roughness [103]. In the present study, substantially more 0 
atoms have intermixed throughout the layer, and a similar effect maybe occurring at the 
buried interfaces. Nevertheless the results from these structures show that even at low 
temperatures (80 °C). it is possible to reach a "theoretical" saturation of the intermixing 
between the multi-layers upon irradiation of structures with 4- or more layers. 
An enhancement in the level of silicidation was also observed upon irradiating structures at 
increased ion fluences. In a similar manner, the comparison of RBS spectra for structures 
irradiated at Pl and P3 showed a similar broadening and reduction in maximum peak heights 
(see Appendix). In all cases, except the 4-layer structures, a higher number of FeSi2 was 
formed as a result of increasing the ion fluence from 5x 1015 ion/cm2 to Ix 1016 Fe ions/cm2, 
as opposed to increasing the irradiation temperature from "RT" to 200 T. If we examine the 
RBS spectra and depth profiles for these 4-layer structures shown in Figure 6-22, we see 
further evidence of intermixing being inhibited by oxides. 
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Figure 6-22 Showing a comparison of the RBS spectra and depths profiles for 4-layer structures 
irradiated using a) process P1 b) process P2 and c) process P3. 
Where the levels of silicidation was low, such as for that seen within the 2-layer structures 
shown in Figure 6-23, comparing the RBS spectra of the structures processed at P2 and P3 
shows only a small decrease in the Fe signal height. The Fe tail which indicates intermixing 
of the Fe atom remains unchanged, and this can also be seen within the depth profiles. It is 
within these 2-layer structures that the highest levels of 0 atoms were incorporated at the 
surface before irradiation and thus also the highest after irradiation. This is thought to have 
inhibited the silicidation process. 
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Figure 6-23 Showing a comparison of the RBS spectra and depths profiles for 2-layer structures 
irradiated using a) process P1 b) process P2 and c) process P3. 
The RBS and depth profiles for the 3-layer structures shown in Figure 6-24 on the following 
page, clearly shows there is more intermixing for higher fluence than there is for higher 
temperature. As the levels of silicidation increases within each structure, it becomes more 
evident that the movement of Fe atoms dominate the silicidation process which increases due 
to a higher number of Fe collisions. In terms of the Si atoms, only a slight broadening effect 
is observed at the front and back edges upon comparison of the RSB at the two process 
conditions. 
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Figure 6-24 Showing a comparison of the RBS spectra and depths profiles for 3-layer structures 
irradiated using a) process P1 b) process P2 and c) process P3. 
The highest levels of intermixing were observed within the 5- and 6-layer structures which 
are shown within Figure 6-25 & 6-26. respectively. For irradiations using process P3, Almost 
no free Fe atoms were present throughout the 5-layer structure leaving only those bound to 0 
atoms completing approximately 95 % into FeSi2. We should comment here that the RBS 
fitting process has a bias for leaving some free Fe (and Si), and the spectra are consistent 
within uncertainty with 100% silicidation for these cases. 
However, for the 6-layer structures shown in Figure 6-26 the RBS spectra showed almost no 
difference between the structure processed at P2 and P3 (high temperature vs. high fluence). 
The 2% difference in silicidation is almost insignificant. This is thought to be due to the high 
degree of intermixing at "RT", in which the intermixing has already approached to its 
saturation point. 
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Figure 6-25 Showing; a comparison of the RBS spectra and depth s profiles for 5-layer structures 
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Figure 6-26 Sh owing a comparison of the RBS spectra and depths profiles for 6-layer structures 
irradiated using a) process Pl b) process P2 and c) process P3. 
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A summary of the results from increasing the irradiation fluence is shown in Figure 6-27 
comparing the experimentally observed results (solid symbols) with those extracted from 
SRIM calculations (hollow symbols). In the present study, the level of silicidation was 
obtained by fitting the spectra using FeSi2 as a molecule with bulk atomic density of 7.95 x 
10'2 at/cm3 [ 16] and extracting the total number of atoms present. Direct comparisons of the 
intermixing between structures before and after irradiations were therefore possible, and also 
allowed a theoretical "maximum" number of FeSi2 atoms (shown in blue) to be obtained 
which allows for the incorporation of 0 atoms. From the plot, it is clear that for the high 
fluence. ballistic mixing alone is expected to result in 100% silicidation of the 4-, 5- and 6- 
layer structures. 
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Figure 6-27 Summarising the extracted levels of silicidation extracted from the experimentally irradiated 
multi-laver structures using process P1: (solid black) and process parameters P2: 1x 1016 at/cm2 (solid 
red) with the projected silicidation from updated SRIM calculations accounting for the Fe203, at similar 
irradiation parameters (shown as hollow sý mbols). Also shown is the "theoretical" maximum number of 
FeSi2 possible from each un-irradiated structure (blue). The uncertainties for of the extracted values 
from RBS and SRI NI calculations are given as ±3% and ± 11 %, respectively. 
Comparing the experimental results with the level of silicidation predicted from SRIM 
calculations shows that all structures irradiated using an ion fluence of 5x 1015 Fe at/cm2, and 
also the 2- and 3-layer structures irradiated using the higher fluence of Ix 1016 at/cm2, 
exhibited more FeSi2 than calculated without any thermal effects. For the remaining 4-, 5- 
and 6-laver structures, irradiating using process P2 resulted in approximately 74 - 93 % 
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silicidation of the original Fe atoms unbound to 0 atoms. Here we see that the experimentally 
extracted number of FeSi2 atoms is lower than those predicted by SRIM. 
Again, the RBS showed that the effect of the 0 recoils had a stronger influence over target 
sputtering. Within these highly intermixed structures, where free Fe and Si atoms remained 
upon mixing. a high presence of 0 atoms was also observed often in close proximity to the 
interface. SRIM calculations predicted that irradiation of structures with and without the 
Fe203 layer would result in only a small difference in number of recoils crossing the interface 
due to ballistic parameters. The difference between experimental and predicted results for 
these structures may be attributed to the SRIM not accounting for any dynamic effects due to 
the oxides. As described previously it is thought that these suppress silicidation. Intermixing 
has therefore saturated upon mixing at these higher fluences, thus not reaching the theoretical 
"maximum" numbers of FeSi2. 
6.3.2.4. RBS analysis summary 
We sho%c from RBS analysis, together with SRIM calculations, that the formation of 
l-cSi2 layers can be obtained from ion beam mixing of alternating Fe - Si structures 
consisting of 2 to 6 multi-layers. 
" Ballistic intermixing of the Fe atoms into the Si layer dominates formation of FeSi2, 
particularly at "room temperature" (80 °C), as shown by the close agreement between 
the predicted and experimentally observed results. 
" The close agreement in the trends observed between the predicted SRIM calculations, 
theoretical maximum and experimentally observed results all suggests a strong 
influence of ballistic mixing. 
. An enhancement of the silicidation process initiated by ballistic parameters is 
observed upon increasing either the irradiation temperature (thermal diffusion) or the 
fluence (increased number of collisions), which are both seen to promote the 
movement of Fe throughout the structures. A higher number of FeSi2 atoms form 
within all structure (except the 4-layer structure) upon irradiating at an irradiation 
fluence of Ix 1016 Fe ions/cm`. as compared to increasing the temperature to 200 °C. 
This is thought to be due to the increase in number of collisions. 
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"A saturation of the silicidation of the free atoms (Fe or Si) is observed upon 
irradiating the structures with 4 or more multi-layers either at 200 °C, or (as expected) 
at a higher fluence of Ix 1016 Fe ions/cm2. These conditions are promising for the 
fabrication of a-FeSi2. 
" The saturation of silicidation at less than 100% is attributed to the incorporation of 0 
atoms (originating from a surface oxide) which inhibit further mixing. 
" Irradiating the 6-layers structures using process P1 was sufficient to substantially mix 
the constituent layers due to the use of thinner Fe - Si layers. Further enhancement of 
silicidation process as a result of irradiating these layers using process P2 or P3 was 
observed to be small. 
" the lowest level of silicidation within the total multi-layers is observed for the 2- 
layer structures in which only 23 - 33 % of the available Fe atoms formed FeSi2. The 
high levels of 0 atom incorporated within these structures are thought to have 
attributed to this. 
6.3.2.5. Discussion on the optical properties of ion beam 
mixed Fe - Si multi-layers 
To verify the RBS analysis and confirm the phase of the silicide formed via ion beam 
mixing, optical transmission measurements on all multi-layers were performed. Results will 
be correlated to the structural results observed by RBS detailing the formation of amorphous 
FeSi2. All measurements were taken at nominal room temperature, with the apparatus in 
transmission mode, as described in section 4.2.4. A broad wavelength spectrum of 250 - 
1750 nm was used in the present case. Details of the absorption were then obtained in order 
to extract information on the nature of the band structure and the band gap energy Eg values 
for each layer. 
6.3.2.5.1. Obtaining the absorption coefficient, a for ion beam 
mixed layers 
I 'o determine the effects of ion beam induced intermixing within the complicated multi-layer 
structures, the same technique to that described in section 4.2.4.4 was performed. For the co- 
sputtered layers. the transmittance of the deposited FeSi2 layer only TFes12, was obtain by 
using Equation 6-1. obtained by dividing the Ts-Fes, 2 by Ts;. 
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TT-es, 
_ 
(hv) - 
Ts, 
- tes, i 
(hv) 
Tc, (hi) 
Equation 6-1 
For the present case the irradiated structures comprise of multi-layers consisting of Fe, Si, 
Fe203 and ion beam induced (mixed) material. In order to determine the transmittance of 
purely the 'mixed' material within the structure TtifLTed, the experimental transmittance of the 
irradiated structure T/r, ared is divided by the transmittance of the sample before 
irradiation, 
T( n-, rraJ, aied. as described in Equation 6-2. 
(Tlrradiaºed 
(hv) 
Tt ý«ý"ýI %ll'ý = T1 'n - irradiated 
(hv 
Equation 6-2 
The division thus, effectively removes the transmittance of similar materials, which in the 
present case is unmixed Fe. Si and Fe203 leaving, only the transmittance of the `mixed' 
material. From the optical transmission measurements, a band edge between 500 - 600 nm 
was observed within all un-irradiated structures, subsequently found to due to the band edge 
for iron oxide [ 104]. A comparison is shown within Figure 6-28 shows the transmittance of a 
the 5-layer structure before (black) and after (red) irradiation using process parameters P3 
and b) iron oxide films extracted from data by Akl et al. [105]. Similar results for 
transmittance were observed for all layers structures. 
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Figure 6-28 Showing a comparison of the transmittance of a) the 5-layer structure before (black) and 
after (red) irradiation using process parameters P3 and b) iron oxide films extracted from data by Aki et. 
al. 11051. to show that the band edge within our un-irradiated sample originates from iron oxide layer 
found within the structures. 
If a semiconducting silicide is present. a transition from low to high transmittance will be 
revealed between the wavelength ranges of 800 - 2000 nm after normalisation with the 
appropriate un-irradiated structure. Figure 6-29 shows the TM ed for the 5-layer structure 
irradiated using process parameters P3. 
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Figure 6-29 Showing the normalised transmittance between 800 - 2000 nm, for the "mixed" material 
Tw,, ý, within the 5-layer structure irradiated using process parameters P3. Data was obtained by 
dividing the transmittance of the irradiated structure T;,,, d;,,, d with that of an un-irradiated structure Tu_ 
Details of the effective absorption of the "mixed" material within the structure were thus 
obtained using Equation 6-3. which was applied to each of the ion beam mixed layers using 
the thickness of the multi-layer for values of dtfI,; obtained from RBS analysis. 
T,.,,,, (hv) 1 
l A. T, -º. ý, ýýýý (hv) j dt, M,,, 
Equation 6-3 
6.3.2.5.2. The band structure of ion beam mixed layers 
A summary of the absorption details shown as a function of photon energy are shown for all 
irradiated layers within the results chapter, section 5.3.3. Fitting of the effective absorption 
coefficient a* data to (a*)2 and (a*)' 2 approximations were performed to determine whether a 
semiconductor was formed and to assess the nature of the band structure. To illustrate this, 
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Figure 6-30 shows both the (a) 2 and (a*)h/2 plots for a) the 3- and b) 6-layer structures 
irradiated using all process parameters. 
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Figure 6-30 Shows the square root (a*)' rz and the square (a) 2 of the effective absorption coefficient, 
plotted as a function of photon energy for a) the 3- and b) the 6-layer structures. The features of the plots 
were compared with typical absorption spectrums for indirect and direct transitions to determine the 
nature of the band structures. This was repeated for all ion beam mixed layers. 
Successful fitting was only observed for the (a#)2 approximation for these structures, 
confirming the existence of a semiconducting silicide possessing band structures of a direct 
nature. Each plot shows a strong linear absorption in the high energy region with a power- 
law dependence of 2, typical of direct band materials. Although not shown, comparisons 
were performed for all structures revealing similar results. 
6.3.2.8.3. The band gap energy Eg value and effective absorption of 
irradiated multi-layers 
To determination of the band gap energies Eg of these semiconducting silicides, the 
extrapolation of the linear region for each of the irradiated structures within the direct 
absorption region to (a*)` = 0. was performed by the method of least squares. The results will 
be discussed in relation to the number of irradiated layers and the percentage of silicidation 
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observed within each structure. A table of the extracted band gap Eg energies at each of the 
process conditions are shown in Table 6-12. 
Extrapolated band gap energy, E, values 
Process P1 Process P2 Process P3 Process P4 Process PS 
(eV) (eVý (eV) (CV) (eVý 
2 Layers 1.36 f 0.01. 1.42+ 0.015 1.3 5f0.017 1.23 f 0.009 1.10 f 0.00- 
3 Lawn 1.09 f 0.004 1.05 f 0.005 1.04 t 0.008 1.02 ± 0.004 0.96 f 0.006 
4 La}zrs 1.00 t 0.002 0.96 f 0.003 0.98 f 0.005 0.92 ± 0.004 0.95 t 0.002 
Lavers 0.94 ± 0.001 1.03 t 0.002 0.97 t 0.002 0.92 t 0.003 0.96 t 0.001 
6 Layers 081)±0003 0.91 Y0.002 0.92±0.001 0.92±0.001 0.9'±0.001 
Table 6-12 Showing a table of the extracted band gap energy Eg values for all ion beam mixed layers 
irradiated Aith process conditions a) P1, b) P2, c) P3, d) P4 and e) P5. All plots are shown as a function of 
number of irradiated layers. A wide range of band gap energy Ex values between 0.89 - 1.43 eV were 
observed, 
A wide range of direct band gap energy Eg values, between 0.89 - 1.43 eV were extrapolated 
from all irradiated samples. A clear dependence between the level of silicidation within each 
layer was observed in which, the layers containing the highest number of FeSi2 atoms 
(extracted from RBS depth profiles) resulted in band gap energies Eg approaching the 
expected values of amorphous and ß-FeSi2 of - 0.9 eV [8,36]. The formation of a particular 
phase depends on the mobility of the species and also the temperature during irradiation 
which suggests that a-FeSi2 has been formed at the Fe - Si interfaces of the structures due to 
the low process temperatures. However, this cannot be confirmed without performing micro- 
structural analysis on each of the structures. 
The reasons for the high band gap energy values extracted for the 2-layer structures (1.1 - 
1.42 eV) are not fully clear at this stage and require further analysis. However, it may be 
attributed to the low quantity of FeSi2 formed within the total layer, lower than 33 % within 
the 2-layer structures. Within these layers, the highest number of 0 atoms was observed 
within these layers and it is possible that in the proximity of the interface these free 0 atoms 
may result in strain differences within the structure of the FeSi2 grains. 
For the remaining 4-. 5- and 6-layer structures, a smaller variation between the band gap 
energies ER ranging between 0.89 - 1.03 eV were found. This is in good agreement with the 
amorphous layers fabricated using IBDS in our previous study. Comparison of the energy 
values of structures irradiated at nominal room temperature (80 °C) and 200 °C where more 
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than 50 % of the free atoms within the multi-layer had silicided, revealed a small difference 
of only ± 0.05 eV between the each of the structures. 
The effective absorption coefficient a* for each of the structures were extracted at their band 
gap energy Eg values. Figure 6-31 shows a summary of the results for each of the irradiation 
process parameters: PI-5. plotted as a function of the number of irradiated layers, N. Also 
shown within each of the plots are the percentages of FeSi2 observed within the total multi- 
layer obtained from RBS analysis. Since the thickness of the multi-layer obtained from RBS 
measurements. and not the actual thickness of the mixed silicide were used, the absolute 
values for absolute absorption coefficient are smaller than predicted absolute values for the 
amorphous silicide. However. (with the exception of the 2-layer structures) the correlation of 
the effective absorption coefficients with the percentage of FeSi2 formed within the structure, 
therefore confirms the validity of the RBS analysis. In the majority of cases, a steep increase 
occurs upon mixing of the 4-layer structures, before flattening off, coinciding with the 
increase in silicidation observed with the layers. 
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Figure 6-31 Showing the relationship between the effective absorption coefficient a* extracted at the 
band gap energy ER value and the percentage of FeSi2 formed within the total multi-layer structures 
(accounting for 0 bound atoms) when irradiated using a) P1 b) process P2 c) process P3 d) process P4 
and e) process P5. All plots are shown as a function of number of irradiated layers, N. 
With the difference in extrapolated band gap energies Eg being small, variations observed 
within the absorption of each structure can reveal information on the intermixing and the 
degree of disorder within the structures. In terms of the silicidation enhancement, increasing 
the irradiation fluence formed a greater number of FeSi2 within the structures as compared to 
irradiating similar structures at the elevated temperature of 200 °C. However, it is apparent 
that this additional silicidation does not translate into extra absorption. The results show, that 
the structures irradiated at higher temperatures also exhibit slightly higher absorption as 
shown in Table 6-13. As previously discussed. the band structure of a-FeSi2 is very sensitive 
to variations in process conditions. From the co-sputter IBSD study, we saw that a more 
relaxed amorphous structure with improved short to mid range order arose from depositing at 
higher process temperatures. A similar effect is observed within these ion beam layers, 
however this is not controlled by surface diffusion, but rather an enhancement of the ballistic 
collisions initiated by the ion beam. The extra thermal energy allows the FeSi2 atoms to for 
an amorphous layer with more short to mid-range order and therefore exhibiting better 
absorption. Although a higher number of FeSi2 were formed due when the irradiation fluence 
was increased, the lower absorption within the structure suggests that the layers possess 
greater disorder. 
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Effective absorption coefficien t w', extracted at the Maid gap energy, Ep 
Process Pl Process P2 Process P3 Process P4 Process PP 
(cur-') (cin 1) (cur-l) (cnr1) (ciir') 
2Lavrrs 1.35x103 1.6x10' 1. -2x10' 1.99x10° 2.31x10° 
3Laycrs 1.14x10' 1.13x10' 1.22x10' 1.33x104 1. '5x10' 
4 Layers 1.4 x 104 2.06 x 10' 2.26 x 10' 2.6 x 10' 3.68 x 104 
5 Li}m 2.18x10' 3.32x10' 2.89x10' 2. '4x10' 3.28x10' 
6 Layers 1. 'a x 10' 2.35 x 10' 2.62 x 10° 2.82 x 104 . 1.24 x 104 
Table 6-13 Showing a summary of the effective absorption coefficients a` extracted at the band gap 
energies ER of each of the irradiated structure. 
6.3.2.5. Summary of optical results 
We have reported on the optical analysis of layers fabricated by ion beam mixing of Fe - Si 
multi-layers using 150 keV Fe ions of varying irradiation temperature and fluence. Optical 
transmission measurements were performed on each of the layer structures to obtain details 
of absorption coefficient. 
" We have confirmed the formation of a semiconducting silicide from ion beam mixing 
of Fe - Si multi-layers with all process parameters. 
"A wide range of direct band gap energy Eg values ranging from 0.89 - 1.43 eV were 
extrapolated from the (a*)2 data. 
" The highest band gap energies Eg were observed within the 2- and 3-layer structures. 
These also exhibited the lowest levels of silicidation, exhibiting lower than 33 % of 
FeSi2 within the total multi-layer. Although clear band edges were observed with these 
structures, an explanation for the un-normally high values remains unclear at this stage. 
"t ! pon irradiation of structures containing 4- or more layers (where more than -50 % of 
the free atoms within the multi-layer had silicided), band gap energies Eg ranged 
between 0.89 - 1.03 eV were obtained, close to the expected values for a-FeSi2. 
" The effective absorption coefficient a* extracted at the band gap energies Eg were seen 
to approximately follow the trend of silicidation within the structures confirming the 
validity of the RBS analysis. 
" Structures irradiated at elevated temperatures exhibited higher effective absorption 
coefficient a* than structures containing more FeSi2 atoms. It is thought at higher 
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temperatures the additional thermal energy forms an amorphous layer with more short 
to mid range order. 
143 
SUNWERSITY Chapter 7 SURREY Conclusion and Future Work 
CHAPTER 7 
CONCLUSION AND FUTURE WORK 
7.1. Conclusion 
"I'wwo separate studies have been performed within the thesis. Firstly, the annealing/deposition 
and measurement temperature dependence study of IBSD fabricated layers was performed 
using optical transmission measurements and compared to TEM analysis. Secondly, an 
optical and structural study, characterising the irradiation parameter dependence of the ion 
beam mixing of alternating multi-layers of Fe - Si. The emphasis of the optical 
characterisation was on obtaining the nature of the band structure, obtaining the band gap 
energy values and in the case of the IBSD layers, assess the level of disorder within the 
layers by examining the absorption below the band gap. The structural characterisation 
concentrated on determining the phase and composition of the layers in order to support the 
findings found optically. Separate conclusions on the two studies are provided below. 
Within the annealing/deposition temperature study, it was demonstrated that a full transition 
from the amorphous to polycrystalline fl-phase occurring when co-depositing the layers with 
substrate temperature above 200 °C or annealing the amorphous layers at 500 °C and above. 
The phase transition was characterised using TEM analysis, although not performed by the 
author. Optically, all amorphous layers were determined to exhibit direct-like band gaps. 
However, no annealing or deposition temperature dependence was observed for either the 
band gap energy value or absorption. Each of the amorphous layers (as-deposited or 
annealed) possessed energy values between 0.94 - 0.97 eV and had absorption coefficient in 
the range of 4x 104 cm-1. Analysis of the absorption below the band gap revealed these 
amorphous layers to possess the highest level of disorder, as obtained by comparing the area 
of absorption within the layers. 
Upon transition to the polycrystalline phase the annealing temperature was again seen to 
exhibit little influence on the optical or structural properties of the layers, with practically 
identical absorption both above and below the band edge. The extrapolated band gaps were 
again all direct in nature, with energy values ranging from 0.925 - 0.93 eV, decreasing only 
slightly with increasing annealing temperature. An increasing in the absorption coefficient at 
their respective band gaps were seen compared to the amorphous layers with coefficients in 
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the range of 4.5 x 104 cm"'. The increase in absorption was attributed to the decrease in 
disorder within the initially amorphous structures due to annealing and was confirmed by a 
small decrease in area of absorption below the band edge. Supporting these findings, the 
TEM analysis of these polycrystalline layers also showed very minimal changes within the 
micro-structure upon annealing temperature increase. The re-crystallisation of these layers 
occurs in a random manner controlled by bulk diffusion with little to no influence from the 
substrate. The suggestion is that within the stressed structure, it is the large grains which play 
the more dominant role in the fundamental absorption process and these are not significantly 
affected by the increase in annealing temperature and therefore the optical properties 
remained unaffected. 
The largest influence on both the optical and structural properties of IBSD layers were 
observed when varying the temperature of deposition. All extrapolated layers exhibited a 
direct band gap nature of a wide range of energy values from 0.897 to 0.93 eV, decreasing 
with increasing deposition temperature. The absorption extracted at each respective band gap 
was also seen to increase significantly from 4.9 to 5.1 x 104 cm"1, when increasing the 
deposition temperature from 500 to 700 °C respectively. The structural analysis revealed that 
the silicide grew in a columnar structure suggesting layer by layer growth with individual 
grains stretching the depth of the layer. A more relaxed structure was observed with 
increasing temperature and this is attributed to the increase in absorption. 
Measurement temperature dependence was only observed within the layers deposited at 500 
- 700 °C with better crystalline structure. The band gap energy was seen to increase with 
decreasing measurement temperature. especially evident on sample AD700. These were 
fitted by the Einstein and three parameter thermodynamic models. Results suggest that the 
electron - phonon interaction within the layers decrease with decreasing measuring 
temperature 
Using the ion beam mixing technique. we have demonstrated the formation of 
semiconducting silicides possessing direct band gap energies between 0.89 - 1.43 eV via low 
energy process conditions on multi-layer structures of Fe - Si. SRIM calculations were 
performed to select the irradiation energy and also to assess the level of intermixing via 
ballistic collisions. An increase in silicidation was predicted upon irradiation of the 4-layer 
structures, and also experimentally observed, confirming the governing role of the ballistic 
mixing mechanism. RBS was successfully employed to determine the level of silicidation 
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formed within the irradiated layers using the extracted depth profiles from the fitted data. 
These results were later verified by a comparison of the effective absorption coefficients a* 
measurements at each of the band gaps energies, confirming a similar increase within the 
irradiated structures. 
We have shown that mixing is enhanced upon increasing either the irradiation temperature or 
the ion fluence. The highest level of silicidation between these structures was observed from 
irradiating the 5-layer structure at process P2. Doubling of the ion fluence from 5x 1015 to I 
x 1016 Fe at/cm2 was seen to increase the level of total silicidation within the multi-layer by 
approximately 30%. In general. this enhancement in silicidation is greater than that achieved 
when irradiating similar structures at 200 T. Optically, the irradiation fluence did not affect 
the extrapolated band gaps Eg. with values similar to the co-sputtered layers a-FeSi2, upon 
irradiation of structures with 4- or more layers. However, the effective absorption coefficient 
a* at their respective band gaps increased with ion fluence, corresponding to an increased 
quantity of FeSi2 in the structures. 
A similar enhancement in intermixing was observed when increasing the temperature of 
irradiation. The RBS of the structures irradiated at nominal room temperature (80 °C) and 
200 °C revealed a strong dependence of mixing, with elevated temperatures exhibiting more 
silicidation. Thermal effects enhance the intermixing of Fe atoms over the expected ballistic 
mixing. Optically, all irradiated structures exhibited a band edge of a direct nature. Upon 
irradiation of the 4-layer structures, band gap energy values between 0.89 - 1.03 eV were 
obtained, however increased silicidation resulted in only a small variations in band gaps. 
Comparisons made between the effective absorption coefficients a* of structures irradiated 
using P2 (1 x 1016 at/cm` at "RT") and P3 (5 x 1015 at/cm2 at 200 °C) showed that although a 
higher number of FeSi2 were formed within the higher fluence structures, a larger absorption 
coefficient a* was observed for high temperature mixing. It is thought that the formation of 
the FeSi2 at higher temperatures allows the amorphous structure to form with more short to 
mid range order due to the additional thermal energy thus exhibiting stronger and sharper 
absorption. 
Overall we have characterised two ion beam techniques to fabricate the amorphous and 
polycrystalline phases of the disilicide and it is hoped that the work covered within this thesis 
will aid and inform future work on the subject. 
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7.2 Future work 
Having completed the optical investigation on amorphous and polycrystalline FeSi2 
fabricated by co-sputter deposition, it can be seen that the amorphous phase has suitable 
optical properties for potential devices as a solar cell material while allowing fabrication at 
low process temperatures to reduce the thermal budget. Further analysis on other properties, 
in particular an electrical study including a doping study is an essential next step for such 
applications. 
A preliminary electrical study was attempted on the IBSD samples earlier on in this 
investigation but no Hall voltage could be measured from these layers since the silicide layer 
could not be isolated from the Si substrate. Unfortunately, our collaborative partners, Surface 
Coatings and Research Group (SCCRG) at Manchester Metropolitan University moved 
premises and we could no longer obtain new samples as was originally anticipated. These, 
were to be deposited on to insulating substrates including glass and quartz substrates, both 
with and without ITO (indium tin oxide) to allow Hall and transport measurements to 
investigate the mobility and carrier concentration within the samples. 
For the ton beam mixing study, it would be of great interests to carry out detailed TEM 
investigation. This would provide and interesting study of the multi-layer samples to evaluate 
the composition and phases of the ion beam mixed layers in structures to compare with the 
results from RBS and optical study presented here. 
Further work could also include an irradiation energy investigation into the intermixing of 
purely the 6-layer structures where the highest intermixing was observed. A range of 
irradiation energies could be implemented with the aim of obtaining optimal process 
parameters for complete silicidation of the multi-layer structures. 
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1. Additional SRIM results from ion beam mixing of multi-layers not 
shown in main body of report 
IN ke%' L" ke'' 200 keß' 
R. )ecee/ rawp Straffe Projected raage Straggle Projected range Straggle 
k ice, %R, -nn. R, immm1 ARS (amnl 1, fmnl 1R, aunl 
2Laq'sn 181 tI" 0C, 4-16 110- 
6'O ;is 'N o 420 12-6 4-0 
1 ayes 49.1 289 908 . 11.8 122.7 52.3 
aen e40 w1 Q-: JoO 126.3 48.8 
6Laýen e0- - oI - 1'. - 123.5 50.4 
Table Al summarising the SRlN1 calculations detailing the average projected ion range R, and 
distribution straggle . 1R, obtained from SRIM1 for irradiation of multi-laver structures with 100,150 and 
200 kc%' Fe ions. 
The following are a summary of the SRIM calculations incorporating the Fe203 layer for 
each of the 5 multi-layer structures. A significant mixing of 0 atoms can be seen 
redistributing evenly throughout the layer. 
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Figure Al showing a summary of the SRIM calculations 1751 for the irradiation of the a) 2-layer b) 3- 
layer c) 4-layer d) 5-layer and e) 6-layer Fe - Si structure using 150 keV Fe ion, of 
fluence 5x 10" 
ions/cm2. The plot shows the concentration of Fe ions together with the Fe, Si and 0 recoils. Shown for 
reference, are the positions of each of the constituent layers. 
2. Additional RBS spectra plots not shown in main body of report: 
Irradiation of the 2-layer structures 
1500 z2fO101. data 
z2fO101. fit N z2f0102. data c' 
0 
U 
o z 
0- A 
0 Channel 512 
Figure A2 showing the normalised RBS spectra of the 2-layer structure irradiated using process Pl. 
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15000- z2f0201. data 
N=- z2f0201. 
fit 
z2f0202. data 
- 
Zý 4a _ 
0 Channel 512 
Figure A3 showing the normalised RBS spectra of the 2-layer structure irradiated using process P2. 
15000- z2f0301. data 
z2f0301. fit 
2- z2f0302. data 
0 
0 
0 Channel 512 
Figure A4 showing the normalised RBS spectra of the 2-layer structure irradiated using process P3. 
15000 
N 
0 Ü 
Ö 
Z 
z2f0401. data 
4- z2f0401. fit 
z2f0402. data 
0 Channel 512 
Figure A5 showing the normalised RBS spectra of the 2-layer structure irradiated using process P4. 
150 
U) 
0 U 
ER 
0 
Z 
-- 
z2fCS01. data 
z2f0501. fit 
z2f0502. data 
0 Channel 512 
Figure A6 showing the normalised RBS spectra of the 2-layer structure irradiated using process P5. 
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Irradiation of the 3-layer structures 
10000- z2f0601. data 
- z2f0601. iit 
z2f0602. data 
it 
z 
0 Channel 512 
Figure Al showing the normalised RBS spectra of the 3-layer structure irradiated using process Pl. 
10000- 1- z2f0701. data 
z2f0701. fit 
z2f0702. data 
0 Channel 512 
Figure AS showing the normalised RBS spectra of the 3-layer structure irradiated using process P2. 
-ý" 10000- z2fO801. data 
z2fO801. fit 
- z2fO8O2. data 
0 Channel 512 
Figure A9 sbowing the normalised REIS spectra of the 3-layer structure irradiated using process P3. 
10000- -ý z2f0901. data 
z2f0901. fit 
z2f0902. data 
3 
t 
0 Channel 512 
Figure A10 showing the normalised RBS spectra of the 3-layer structure irradiated using process P4. 
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10000- - z2flOOl. data 
z2f1001. fit 
z2f1002. data 
U -+ 
0 Channel 512 
Figure A11 showing the normalised RBS spectra of the 3-layer structure irradiated using process P4. 
Irradiation of the 4-layer structures 
- 10000- 
1 
r{ 
Z ýý 
ý_ 
° z2fl101. data 
z2fl l 01. fit 
° z2f1102. data 
0 Channel 512 
Figure A12 showing the normalised RBS spectra of the 3-layer structure irradiated using process P5. 
-; 10000- 
Z ýiº 
z2f1201. data 
z2f1201. fit 
- z2fl 202. data 
0 Channel 512 
Figure 
. 
A13 showing the normalised RBS spectra of the 4-layer structure irradiated using process P1. 
10000- ---% 
It -- 
z2f1301. data 
z2f1301. fit 
-- z2fl3O2. data 
a 
ý- 
0 Channel 512 
Figure A14 sbowiag the normalised RBS spectra of the 4-layer structure irradiated using process P2. 
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1000 
i z2fl 401. data z2f1401. fit 
z2fl 402. data 
s 
0 Channel 512 
Figure A14 showing the normalised RBS spectra of the 4-layer structure irradiated using process P3. 
10000 z2f1501. data 
e- 
z2f1501. ft 
z2f1502. data 
0 Channel 512 
Figure A16 showing the normalised RBS spectra of the 4-layer structure irradiated using process P4. 
Irradiation of the 5-layer structures 
(VT\ 
a 
= :r 
U- ? 
tea 
ý, 
ti 
° z2f1601. data 
z2f1601. fit 
z2f1602. data 
r 
0 Channel 512 
Figure A 17 showing the normalised RBS spectra of the 5-layer structure irradiated using process PI 
750 
2z5 ýý: 
z2f1701. data 
- z2f1701. fit 
- z2fl702. data 
0 Channel 512 
Figure A18 showing the normalised RBS spectra of the 5-layer structure irradiated using process P2. 
159 
üRREY Appendix 
U ýa 
z2f1801 . data 
z2f1801. fit 
z2f1802. data 
0 Channel 512 
Figure A19 showing the normalised RBS spectra of the 5-layer structure irradiated using process P3. 
7500 z2f1901. data 
z2f1901. ft 
z2f1902. data 
z° 
0 Channel 512 
Figure A20 showing the normalised RBS spectra of the 5-laver structure irradiated using process P4. 
c 
U 't 
z2f2001. data 
z2f2001. fit 
it ° z2f2002. data 
Ö Channel 512 
Figure A21 showing the normalised RBS spectra of the 5-layer structure irradiated using process P5. 
Irradiation of the 6-layer structures 
ý5U =- z2f2101. data 
- z2f2101. fit 
z2f2102. data 
0- T, O Channel 512 
Figure A22 showing the normalised RBS spectra of the 6-layer structure irradiated using process P1. 
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OU z2f2201. data 
z2f2201. fit 
z2f2202. data 
0 Channel 512 
Figure A23 showing the normalised RBS spectra of the 6-layer structure irradiated using process P2. 
7500- 
-- 
z2f2301. data 
z2f2301. fit 
z2f2302. data 
0 Channel 512 
Figure A24 showing the normalised RBS spectra of the 6-layer structure irradiated using process P3. 
750 - z2f2401. data 
z2f2401. fit 
1- z2f2402. data 
01 
O Channel 512 
Figure A25 showing the normalised RBS spectra of the 6-layer structure irradiated using process P4. 
7500- z2f2501. data 
z2f2501 . 
fit 
z2f25O2. data 
OL 0 Channel 512 Figure A26 showing the normalised RBS spectra of the 6-layer structure irradiated using process P5. 
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3. Additional irradiation temperature comparisons not shown in 
main body of report: 
I 
B@ftre 
RT INUY1Q 
200 Y ýIbtY10 i__ ý. ui 
fl 
a 
"ýer 
Figure . A2' showing the 
RBS spectra for the 2-layer structures a) before mixing (black) and mixed using 
Sx 10" Fe at/cm' irradiated b) at nominal room temperature (red) and c) 200 °C (blue) . The respective 
depth profiles are sho' n in the inset. 
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Figure A28 showing the RBS spectra for the 3-layer structures a) before mixing (black) and mixed using 
5s 10" Fe atlcm2 irradiated b) at nominal room temperature (red) and c) 200 °C (blue) . The respective 
depth profiles are shown in the inset. 
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Figure A29 showing the RBS spectra for the 4-laver structures a) before mixing (black) and mixed using 
Sx 10" Fe at/cm' irradiated b) at nominal room temperature (red) and c) 200 °C (blue) . 
The respective 
depth profiles are shown in the inset. 
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Figure A30 shoeing the RRS spectra for the "a% structures a) before mixing (black) and mixed using 
5s 10" Fe at/cm2 irradiated b) at nominal room temperature (red) and c) 200 °C (blue) . The respective 
depth profiles are shorn in the inset. 
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Figure A31 showing the RBS spectra for the 6-layer structures a) before mixing (black) and mixed using 
5x 10" Fe at/cm2 irradiated b) at nominal room temperature (red) and c) 200 °C (blue). The respective 
depth profiles are shown in the inset. 
4. Additional irradiation fluence comparisons not shown in main 
body of report: 
ii Start of Fe layer 
16000 Irradial on a room tempera ire 
- Before mlxing 
Sx 10° atlcm' Fe Ions 
-1x 10" atlcm' Fe Ions 
Start of Si layer 
1L 
Ar 
Channel 340 
Figure A32 showing the RBS spectra for the 2-layer structures a) before mixing (black) and those mixed 
at nominal room temperature using b) 5x 10" (red) and c) Ix 1016 (blue) Fe at/cm2. The respective depth 
profiles are shown in the inset. 
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Start of Si layer 
I 
r 
1 
Start of Fe layers 
2'd 1" 
1 
soon oot. t Beforo sx 10". acm f" ions 
1x 10" aokmi Fe Ions 
rýe«*+srw 
.. ý 
At 
F.: ö7 
p 
$102 
Figure : 133 shoeing the RBS spectra for the 3-layer structures a) before mixing (black) and those mixed 
at nominal room temperature using b) 5x 10" (red) and c) Ix 1016 (blue) Fe at/cm2. The respective depth 
profiles are show n in the inset. 
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Figure . k34 shoving the RBS spectra for the 4-laser structures a) before mixing (black) and those mixed 
at nominal room temperature using b) 5x 10" (red) and c) 1x 1016 (blue) Fe at/cm2. The respective depth 
profiles are shown in the inset. 
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Figure A35 showing the RBS spectra for the 5-layer structures a) before mixing (black) and those mixed 
at nominal room temperature using b) 5x 10" (red) and c) Ix 1016 (blue) Fe at/cm2. The respective depth 
profiles are shown in the inset. 
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Figure A36 showing the RBS spectra for the 6-layer structures a) before mixing (black) and those mixed 
at nominal room temperature using b) 5x 10" (red) and c) Ix 1016 (blue) Fe at/cm2. The respective depth 
profiles are shown in the inset. 
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